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ABSTRACT
Identification of Dynamic Properties of Materials 
for the Nuclear Waste Package
by
Konstantin G. Zabotkin
Dr. Mohamed Trabia & Dr. Brendan O 'T oole Examination Com m ittee Chair 
Professor o f  M echanical Engineering 
University o f  Nevada. Las Vegas
The nuclear waste package must be designed to withstand structural deformation 
caused by static, thermal, and handling loads. In addition, it has to maintain its integrity 
in case o f  accidents, where it may be subjected to high loads over very short period o f 
time. To simulate accident scenarios accurately, this thesis attem pts to experim entally 
identify dynamic properties o f  m aterials for the nuclear waste container.
The implementation o f  the project involves a number o f  steps. First, candidate 
materials for the nuclear waste package were identified. Literature review showed that 
the behavior o f these materials under impact loading was not well docum ented. Second, 
testing equipment is selected to match the appropriate specimen type. Tw o machines are 
used for the experimental part o f  the project: MTS Axial/Torsion Material testing system 
and Instron Dynatup impact test machine. Third, fixtures for tensile testing using two 
machines were designed and m anufactured. Fourth, experimental procedures for testing 
o f  materials are proposed for the MTS and Instron testing machines. R nally . evaluation 
o f  the material testing results is perform ed.
iii
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CHAPTER 1 
INTRODUCTION
The nuclear waste package designed to transport and store different types o f  nuclear 
waste. According to the Reference Design Description for a Geologic Repository, [ 1 ]. the 
nuclear waste package should be designed to contain uncanistered spent nuclear fuel, 
canisterered spent nuclear fuel, and high-level radioactive waste. It is obvious that 
reduction o f  integrity o f the package at any stage o f  transportation or storage can be very 
harmful to anyone in the vicinity o f  the package as well as for the environment. 
Therefore, waste container should be able to withstand loads caused by impact in 
accidents. The objective o f  the project is to improve understanding o f  this phenomenon 
by experimentally studying mechanical properties o f  candidate materials o f  the nuclear 
waste package under impact loading.
1.1. Background
M aterials loaded at high strain rates can exhibit mechanical characteristics that are
different from those obtain under quasi-static loading. Material scientists observed this
fact in the early 19'*" century. [21. Effects o f  this type o f  loading on a num ber o f  material
properties were investigated and docum ented through out a num ber o f  years o f  research.
The rem ainder o f  this paragraph is based on the historical introduction o f  Harding et al.
[3]. Hopkinson in 1905 and M ason in 1934 performed som e o f  the earliest work in
1
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this field. Both researchers applied tensile pulses to wires using a falling tup. One o f  the 
first research works that attem pted to record a dynam ic stress-strain curve was carried out 
by Ginns in 1937. The setup o f  his experim ent included a spring m echanism that applied 
an instant load and a resistance-pressure gauge that measured the stress. Later, Brwon 
and Vincent in 1941 obtained load-elongation curves using a pendulum -type impact 
machine and piezoelectric crystals to measure stress. At that stage, one o f the following 
two methods was used to measure stresses. First, the com puted stress was based on the 
principles o f the elastic wave propagation theory and thus was limited to the elastic 
region o f material behavior. Second, the stress was measured using a type o f  semi­
mechanical stress measuring m echanism. This approach often led to obtaining data with 
large stress oscillations. In 1940. however. Fanning and Bassett developed impact strain 
gauges. Brown and Edm onds applied this method to the pendulum -type impact machine 
o f  Brown and Vincent in 1948. They were able to record tensile stress-tim e pulses, which 
did not have any distortion from stress oscillations produced in the stress m easuring head. 
W hile Brown and Edm onds were only interested in com paring yield strengths o f 
materials under static and dynam ic loading. W am ock and T aylor in 1949 developed a 
technique to produce dynam ic stress-strain curve using a repeated impact method. At the 
same tim e Kolsky introduced the Split Hopkinson Pressure bar (SHPB) apparatus, which 
made it possible to reach strain rates between 100 and 1000 sec '. In K olsky’s original 
setup, a detonator was used to launch com pressive waves. A part form the early works o f  
H opkinson and M ason, most investigators had ignored the effect o f  stress wave 
propagation in the specim en, assum ing that the stress m easured at the end o f  the 
specim en was equivalent to the stress throughout the specim en. G uest, in 1930. stated
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
that stress waves within the test apparatus were responsible for significant errors in the 
results. This was proven in 1948. when the theory o f  plastic wave propagation was 
applied by Clark and Duwez to the results o f  earlier tensile tests. In 1949, Clark and 
W ood offered a design o f new testing equipm ent that used pneum atic load drive. This 
new approach allowed reaching ma.ximum loads in a matter o f  5 milliseconds and obtain 
results that were almost free from the effects o f  wave propagation within the apparatus.
Theses early steps o f  the problem development established the basis o f  understanding 
o f  material properties under high strain rates. However, they did not offer a systematic 
approach o f  testing for the w hole range o f  strain rates. Lack o f  this information 
significantly limited use o f material characteristics under dynam ic loading by mechanical 
designers. In 1980. the National M aterials .Advisory Board recommended an iterative 
procedure for design o f  weapons that incorporated dynam ic testing o f material properties 
and com puter modeling. [2]. The procedure relied on test firings o f  weapons followed by 
a refined design. The process continued till the design objectives were obtained. The 
following reasons necessitated the expensive approach:
1. Dynamic material failure was inadequately understood:
2. There was a lack o f accurate dynam ic material response properties:
3. It was unclear w hether existing dynam ic testing techniques were appropriate.
The inability o f  failure analysis techniques to differentiate between im proper design.
misuse, and manufacturing defects has resulted in a growing need for the use o f  
appropriate dynam ic testing techniques to determ ine product liability. All the different 
available techniques o f  impact testing were later sum m arized along with conditions o f  
their appropriate applications, [2]. This work recom m ended several experim ental
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
methods for different strain rates, which can be defined as the rate o f  strain, f . with 
respect to time, r.
e = ^  (1-1)
dt
w h e re f  can represent either engineering or true strains. The strain rate is measured in
sec '. It was suggested that for low strain testing e<0.1 sec ',  standard mechanical testing 
procedure is well suited. For such low strain rates, effects o f wave propagation are not 
significant. The next range o f tensile testing is characterized by the medium strain rates
0.1 sec ' < c <  200 sec '. Servo-hydraulic frames with high-capacity valves, cam 
plastometer. or drop test machines can be used to conduct testing w ithin this range. W ave
propagation have some affect on the load measurements. Strain rates o f  200 sec ' < e < 
10^ sec ' require split Hopkinson pressure bar. At strain rate o f  this magnitude 
propagation o f  stress waves can have significant effect on the measurement o f  loads.
Higher strain rates e > 10^ sec ' require more sophisticated equipment, such as flyer plate 
impact technique.
1.2. M ethods o f  material testing under dynam ic loading.
A num ber o f  different equipm ent is currently used for impact testing. As stated in the 
previous section, standard tensile testing machines has been successfully used for 
material testing under low strain rates. A typical tensile testing machine, presented in 
Figure 1-1. consists o f  two heads (3) that are equipped with clamping m echanism s, which 
are used to fix a specim en (5). The driving mechanism could be mechanical (pow er
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
screw) o r hydraulic. Usually, the lower clam ping head is attached to the base (4) while 
the upper head is attached to a  sliding bar (2). w hich leads it along the guides ( 1 ).
Figure 1-1 General Tensile Testing M achine Setup
M edium strain rates can be obtained using drop weight or pendulum testing 
m achines. Drop-weight tower im pact testing m achine has been successfully used in the 
autom obile industry. This testing m achine is usually used for puncture tests o f  plate 
specim ens. A typical drop weight tow er-testing m achine shown in Figure 1-2 consists o f  
two m ajor parts:
a. Fixture for holding the specim en (4) that is attached to a  base (5),
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
b. Tup (1) that slides along guides (3). which is used for the im pact loading o f  
the specimens. The tup mass can be varied to meet different conditions o f  
im pact loading.
The tup and an attached striker (2) are raised to the desirable height and then released to 
impact the specimen. Load cells could be positioned either in the stationary part o r on the 
tup. This type o f  testing equipm ent is used to measure several variables including 
maximum fracture load, amount o f  absorbed energy, displacem ent in the fracture zone 
and velocities o f  the striker.
Figure 1-2 General Drop W eight T ow er Impact M achine Setup
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7Testing at strain rates higher than 200 sec ' requires usage o f SHPB. The most typical 
setup o f  the equipment shown in Figure 1 -3 includes a threaded specimen (4) and a split 
shoulder or collar (5) to protect the specim en from initial precompression. A fter the 
specim en has been screwed into the bars (2. 3). the collar (5) is placed over the specim en, 
and the specimen is screwed in until the pressure bars fit tightly against the shoulder. The 
shoulder is made o f  the same material as the pressure bars. It has the sam e outer diam eter 
as the bars, and it has an inner diam eter that just clears the specimen. W hen the input bar 
(2) is struck by a striker (1) the input com pressive wave is transmitted almost entirely 
through the collar to bar (3). W hen this com pressive pulse reaches the free and o f  the 
transm itter bar. it is reflected as a tensile pulse. This tensile pulse is used to load the 
specim en, since the collar is unable to sustain any tensile load. Each o f  the testing 
techniques described above have their advantages and limitations as can be seen in the 
next section, which reviews relevant previous research.
Detailed View A
R gure 1 -3 General SHPB Im pact Tensile System Setup
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1.3. Disadvantages o f  the current methods
The results o f  tensile tests conducted on traditional tensile testing machines could be 
affected by a number o f  different parameters that influence the actuator speed. First, the 
speed o f  an unloaded actuator can be much high than that o f a loaded one. Second, 
machines with long working range achieve desired velocity after a considerably longer 
distance o f travel, which may lead to situations when the maximum strain is reached 
before the actuator attains the desired velocity. This means that material is tested at a 
significantly lower strain rate. Third, since the ability to control speed is a function o f  the 
response capability o f  a servo-controlled machine working in a closed-loop mode, open- 
loop machines provide speeds that may be affected by strength o f  a specimen and cannot 
easily reproduce predetermined velocities o r strain rates on materials with different yield 
strengths or strain-hardening behaviors. [2]. .Although it is believed that at strain rates up 
to 100 sec ' the elastic wave propagation do not have a considerable effect on the load- 
displacement reading, there are indications that the data may display large oscillations.
[4]. This problem was addressed by stating that only mean values o f  load waves were 
considered.
Drop weight impact testing that has been successfully used for impact testing o f 
materials. Although the technique is considerably different from the one discussed above 
it proved to be a  quick and inexpensive alternative o f  conducting dynam ic impact tests o f 
relatively small test specimens. [5] and [6]. Despite its wide application for plate testing 
and com pression testing o f  the materials, it has been rarely used for tensile testing. To 
carry out a  tensile test under high strain rate, the machine should incorporate a special 
holding fixture. Thus for exam ple in [7]. an experim ent o f  tensile bolt testing is carried
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out using drop weight impact test m achine which incorporates a  fixture with four bolts 
loaded sim ultaneously in tension. Presented results reviewed strain rate change and 
elongation o f  the specimens sighting increase in elongation o f  bolt shanks with increase 
o f  the energy o f  the impact. It was also pointed out that the strain changes variation over 
time showed different behavior decreasing for experim ents with higher energy input. 
Besides a need for an additional specimen supporting fixture, another big problem is that 
drop w eight tow er testing machine does not necessarily take into account wave 
propagation that influences the results at high strain rates.
Split Hopkinson Pressure Bar (SHPB) proved to be fairly reliable and accurate 
technique o f  impact material testing in tension and com pression. Despite SHPB m ethod's 
w ide acceptance, this approach is not free from various disadvantages. It was pointed out 
early on that there was no equilibrium condition in the tested sample during the first few 
microseconds. The data corresponding to that region should be considered unreliable. [8]. 
A nother research work stated that for small strains, the relation between specimen strain 
and displacem ent is nonlinear. [9]. Using this method, it is virtually im possible to 
determ ine Y oung's modulus o f  elasticity. A ccording to the same source. Split Hopkinson 
bar data results can only be used to obtain flow stress data outside o f  the elastic region. 
This goes in agreem ent with another publication where the author noticed that the slope 
o f  the stress-strain curve was in the elastic region anom alously low. [10]. Data in this 
region m ay be invalid because stress equilibrium  has not yet been achieved in the 
specim en.
O ther researches offered a  num ber o f  additional lim itations o f  the technique. SHPB is 
based on the one-dim ensional theory o f  wave propagation. [11]. The average stress and
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strain in the specim en are obtained from incident, reflected and transm itted stress pulses, 
and it is assum ed that the stresses and strains are the same throughout the specim en. This 
assum ption neglects the effect o f axial inertia on the specim en. This conclusion agrees 
with earlier research work stating that a small specimen will approach a uniform strain 
distribution mode in a short time. [8]. Using the same assumption o f uniform strain 
distribution throughout the gage length the true stress and strain can be calculated. 
However, if  localized deform ation (necking) takes place, the local stress and strain can be 
obtained only be measuring the change o f length o f  the small region assuming that the 
uniform strain distribution in that region. [8]. The author also stated that if the rate o f 
loading is increased greatly, at any instant o f  time the load reading at the load cell might 
be different from the load carried by the specim en. Validity o f the uniform strain 
distribution assumption is in question since strain distribution can also vary within the 
gage length because o f  finite rate o f  stress and strain propagation. [8]. A detailed analysis 
o f  the wave reflections and interaction in the plastically deform ed specimen is difficult 
and com plex.
M odification o f  the SHPB apparatus along with incorporating fast speed photographic 
equipm ent was addressed in a different work. The tests using synchronized cam era yield 
satisfactory results but the data handling becam e very com plicated. [12]. On the other 
hand, a different technical paper. [13]. stated that although it is possible to get the true 
strain rate o f  som e m aterials, providing the total elongation o f  the specimen is sufficient 
to permit the measurement o f  diametral changes during the “necking down” phase. This 
is im possible if  the “necking dow n” phase is absent.
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A nother research work [14] offered an explanation o f  the mechanism o f the wave 
propagation through the specimen by using finite elem ent analysis. The author showed 
that the strain rate increases suddenly at one end o f  the specim en upon the arrival o f the 
impact wave to it. As time increases, the peak o f  local strain wave continues to propagate 
along the axis o f  the specim en. Once the w ave reaches the other end o f the specimen it is 
partially reflected, which in turn affects the strain distribution throughout the specimen. 
Strain distribution may be made more uniform if the mass o f  the ham mer is increased 
Tensile testing o f  the materials at high impact rates has o ther factors that can affect 
the quality o f  the results o f  the experiment. In 1960. Harding identified eccentricity o f 
loading and indeterminate gauge length as some o f  them . [3]. Finally, the operation o f the 
tester and the interpretation o f  the records require a thorough understanding o f  the 
mechanical and electrical systems involved. This, unfortunately, prevents the SHPB from 
becom ing a  simple routing test.
1.4. M aterial behavior under high strain rates
A num ber o f  publications focused on identification o f  mechanical properties o f 
materials under high strain rates offered numerous results. Using prestressed loading a 
num ber o f  stress-strain curves were generated at strain rates ranging from 10 '  to 808 
sec ' for such stainless steels as AISI 304 (plate). 304L (cold worked) and 347 (bars). 
[15]. For these three materials an increase o f  flow stress and the ultimate stress with 
increase o f  strain rate was reported. On the o ther hand, the total elongation was 
decreasing with an increase in strain rate. In [9], several stainless steels were tested: A ISI 
304 (rod), 321 (bar), and 410 (annealed rod). The results generally agreed with those o f
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[15] with respect to relation between flow stress and strain rate for rates o f  approxim ately 
10 to 10“ sec '.  However, total elongation did not show considerable strain rate sensitivity 
for the tested materials. [9].
Results reported in [9] regarding mechanical properties o f steel at different strain 
rates offered a range o f  m aterials involved. Such steels as AISI 1020 (unknown). AISI 
4340 (annealed rod). A F 1410 (plate). 300M  (aged), and 10B22 (w ater quenched and 
tempered) showed consistent increase o f ultimate and yield strengths. Total elongation o f 
specimen varied considerably. In the case o f  M araging Steel 300M  and AF 1410 
modified steel, total elongation decreased with increase o f  strain rate from 4 10“* to 500 
sec '. Steel AISI 4340. 10B22 and AISI 1020 showed slight dependency o f total 
elongation on strain rate within the same strain rate range. [9]. In [13] Steel 1018 (cold- 
rolled) showed small change o f  yield and tensile stresses with increase o f  strain rate from 
2.8 10^ to 54 sec ', whereas the total elongation was more than doubled within the same 
range o f  strain rate. A nother work [9] showed dependency o f  mechanical properties o f  
1044. .Mar -M  200 and Mar-M  300 steels on strain rate. Experim ents included tensile 
testing at strain rates o f  10"* to 1200 sec '.  .All o f  the steels tested showed increase in yield 
and ultimate strengths as strain rate was increasing. Total elongation did not show one 
com mon arrangem ent o f  behavior. Thus, for exam ple, for steel M ar-M  200 total 
elongation was increasing from strain rates o f  10"* to 1 sec ' whereas at the tested 
conducted at strain rate o f  240 sec"' total elongation slightly decreased.
Titanium  alloys showed slightly different behavior o f  their properties with increase o f 
strain rate. Researches, [13] included such titanium  alloys as RS-55. RS-70, R S-llO B , 
RS-120A and RS-120AV. All test results indicated increase in yield and ultim ate
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strengths for the strain rates o f  10'" to 10 sec '. Furtherm ore, these alloys evidenced some 
loss in ductility w ith an increase in strain rate. Elongation at fracture was decreasing with 
increase o f  the strain rate for all the materials tested [13]. In [9]. researches studied the 
performance o f  such titanium -based alloys as Ti-6A1-4V (forged bar). Ti-6Al-6V-2Sn 
(forged bar). Ti-7A l-4M o (forged bar). T i-8A l-1 M o -1V (forged bar). They observed an 
increase in flow stress with strain rate as strain rate increased. This behavior is more 
apparent at higher strain rates. Research also showed slight decrease in total elongation 
for Ti-6.A1-4V. Ti-7A l-4M o and T i-8A l-lM o-l V. The total strain o f  Ti-6Al-6V-2Sn 
material showed slight increase as strain rate went up. Another research. [16]. compared 
the values o f  m aximum stress, total elongation and absorbed energy at strain rates in the 
range o f  10 ' to 10' sec ' for Ti-15-3 (annealed). .According to this report, these three 
variables showed noticeable increase as strain rate increased.
Com paring the results o f the above-m entioned work, it was observed that for all o f  
the materials tested, in the strain rate o f  10"* to 10** sec ' the increase o f  yield and ultimate 
strengths o f  the materials was under 100%. For all the reviewed test results, it was 
reported that the values o f  m odulus o f  elasticity did not show any dependency on strain 
rate. Total elongation o f  various materials showed varying results, depending on the 
material and strain rate o f  tensile testing. Thus, for exam ple, for the titanium alloys 
reviewed above, m aximum fracture strain did not exceed 30% at the strain rate o f 10"* to 
10^ sec '.  Fracture strain decreases with the increase o f  strain rate for som e titanium 
alloys while increases for others. V arious types o f  stainless steel also showed some 
variation in strain at fracture in the same range o f  strain rates. Reviewed test results 
showed maximum change in total strain o f  about 18%. Sim ilar to the case w ith titanium
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alloys, different types o f  stainless steels total strain exhibited increase or decrease in the 
values with increase o f  strain rate. O ther steels showed very sim ilar behavior to the one 
o f  stainless steels showing a maximum fracture strain change o f  15%.
It is also worth pointing out that although a num ber o f  different steels exhibited some 
drop o f strength after reaching the upper yield point, available data showed absence o f 
this phenomenon in stainless steels. During the process o f  literature review, there was not 
any information regarding the relation between mechanical properties o f  many materials, 
such as chromium alloys, and strain rates.
1.5.Objective o f  the research
W hile high strain rate testing has been conducted for a num ber o f  years, there are no 
documented data on different materials sim ilar to those o f  mechanical properties under 
quasi-static loading. Search o f references for mechanical properties for candidate 
materials o f  the nuclear w aster package such as. Stainless Steel 316L. Titanium Alloy 
Grade 7. and Alloy C22 [ 1 ] obtained under high strain rated failed.
This project aims to create an alternative technique for determ ination o f  material 
properties under high strain rates. The scope o f  the research is focused on determination 
o f  the following mechanical properties o f  above listed materials:
1. Yield Strength
2. Ultimate Strength
3. Strain at Yield stress
4. Strain at U ltimate stress
5. Total elongation
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CHAPTER 2
M ATERIALS AND EQU IPM EN T 
In this chapter, chem ical and mechanical properties for the nuclear waste package are 
identified. Specimen type is also selected through a process o f  evaluation o f different 
possible specim en types. To carry out tensile testing o f  the specim en at different strain 
rates, two testing machines were selected for the project using values o f  maximum load 
and maximum energy needed to break the specimens.
2.1. Nuclear W aste Package Candidate M aterials
This project studies several materials that are selected by Department o f Energy for 
the design o f  a nuclear waste package [1]. The list includes Stainless Steel 316L. 
Titanium  alloy G rade? and Alloy C22. Typical chemical com position o f  the materials as 
well as some o f their properties are provided in the Tables 2-1 through 2-3.
Steel 316L is a m olybdenum-bearing austenitic stainless steel. This material is more 
resistant to general corrosion and pitting than many conventional chromium-nickel 
austenitic stainless steels such as type 304. [17]. This alloy also has a higher creep, stress- 
to-rupture and tensile strength at elevated temperature. In addition to high corrosion 
resistance and strength properties Steel 316L has excellent formability. Table 2-1 
provides chem ical com position for Stainless Steel 316L, [17].
15
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Table 2-1 Chem ical Composition o f  Stainless Steel 316L
Element %
Carbon 0.030
Sulfur 0.030
Phosphorus 0.045
Nitrogen 0.10
Silicon 0.75
.Manganese 2.00
M olybdenum 2.00/3.00
Chromium 16.00/18.00
Nickel 10.00/14.00
Iron Balance
Titanium Alloy Grade 7 has low density and high strength-to-w eight ratio. It is 
considered one o f  the best m aterials for many corrosive chem ical environm ents, 
including oxidizing chloride solutions, seawater, and chlorine-based bleaches. [18]. 
Grade 7 is palladium alloyed CP titanium , which has very good resistance to crevice 
corrosion. Besides its excellent mechanical properties, it has a  good form ability. Table 2- 
2 provides chemical com position o f  titanium  alloy grade 7, [18].
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Table 2-2 Chemical Composition of Titanium Grade 7
Element %
Alum inum -
Vanadium -
M olybdenum -
Nickel -
Hydrogen 0.015 (max)
Nitrogen 0.03 ( max )
Carbon 0.08 ( max )
Palladium 0.2
Oxygen max 0.25
Iron 0.3
Titanium Balance
Alloy C22 is a Ni -Cr-M o alloy that provides good resistance to pitting, crevice 
corrosion and stress corrosion cracking [19]. The combination o f  Cr. Ni. Mo. and W  
provides very good resistance to oxidizing and reducing environm ents. This alloy poses 
high strength, good ductility, excellent welding and forming characteristics. Table 2-3 
provides chemical com positions for the Alloy C22, [19].
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Element %
Carbon 0.015 (max)
Sulfur 0.02 (max)
Silicon 0.08 (max)
Vanadium 0.35 (max)
Cobalt 2.5 (max)
Tungsten 2.5/3.50
Iron 2.00/6.00
Molybdenum 12.5/14.5
Chromium 20.0/22.5
Nickel Balance
Mechanical properties o f  theses m aterials provided in Table 2-4. According to the 
references tor Stainless Steel 3 16L [17]. Titanium  alloy Grade7 [18] and A lloy C22 [19]. 
the materials tested were o f  typical chem ical com position provided in the plate type stock 
with annealing specified as a heat treatment.
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M aterial/Properties Stainless Steel 316L
Titanium
alloy
Grade7
Alloy C22
Yield Strength (psi) 25.00 10* 40.00 10^ 50.00 10*
Ultimate Strength (psi) 70.00 10* 50.00 10* 105.00 10*
Strain at Fracture (%) 40.00 20.00 67.00
Y oung 's Modulus (psi) 29.00 10* 15.00 10* 30.00 10*
2.2.Selection o f  the Specimens
Selecting appropriate specim en and equipm ent was one o f  the first steps o f  the 
projects. It was necessary to choose a standard specimen that would best fit both types o f 
testing: at low strain rates ( 10"* -  1 sec ') and at medium strain rates ( 1 - 200 sec ').
The specimen selection process was started by reviewing the A SM E publication on 
tensile testing o f  materials. [20]. At sam e time it was important to choose a specimen that 
was used by other researches to com pare results. Literature review yielded a num ber o f 
different dimension types o f  flat and cylindrical tensile specim ens. Figure 2-1 through 
Figure 2-3 that are presented in the tables 2-5 through 2-7.
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Figure 2-1 Rectangular Standard Tension Test Specimen
Table 2-5 Rectangular Standard Tension Test Specimens
20
Dimensions Subside Specimen 
Specimen # 1
Wo (in) 0.246
Lo(in) 1.260
To(in) 0.236
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Figure 2-2 Threaded Tension Hopkinson Bar Specimen
Table 2-6 Round Tension Test Specimens
Dimensions Threaded Tension Specimen
Specimen # 2
Do (in) 0.125
Lo(in) 0.350
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Do
Figure 2-3 Standard Round Tension Test Specimen
Table 2-7 Specimen Proportion to the Standard Round Tensile Specim ens
Dimensions Specim en Proportional to Standard Specim en # 3 Specimen #  4
Do(in) 0.157 0.098
Lo(in) 0.787 0.63
2.3.Selection o f  the testing M achines
Conventional testing machine should be able to fracture specimens. On the other 
hand, energy required yielding them and energy required to fracture w ere used as a 
criterion in selecting the im pact-testing machine.
2.3.1. Selection o f  the quasi-static tensile testing machine
A fter selecting a num ber o f  different specim ens the process o f  equipm ent evaluation 
was started. At that stage it was im portant to choose equipm ent that would satisfy all the 
test requirem ents. To evaluate a  material testing system  for testing with low strain rates 
the m axim um  required load to break the specim en was calculated.
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P = nS^A, (2 - 1)
where. Su stands for the ultimate strength o f  material and As  stands for cross-sectional 
area o f  the specim en in the gage region. Coefficient n  is the approxim ate relation between 
the static and dynam ic values o f  yield and ultim ate strengths. As it was pointed out in 
C hapter 1. the values o f  yield and ultimate strengths in all reviewed cases differed by less 
than 100 present. That is why to determ ine a maxim um  load in the conservative way the 
coefficient is taken to be equal two. Using this equation for all types o f  the specim en 
along with all three materials, a num ber o f  m axim um  load values were obtained. The 
loads calculated using equation (2-3) are presented in the Table 2-8.
Table 2-8 Load Required to Break Tensile Specimens
M aterial/Specim en No. Stainless Steel 316L
Titanium  alloy 
Grade7 Alloy C22
Specimen #1 (Ibf) 8.128 5.806 12.192
Specim en #2 (Ibf) 1.718 1.227 2.577
Specim en #3 ( Ibf) 2.710 1.936 4.065
Specim en #4 (Ibf) 1.056 0.754 1.584
According to the results reported in Table 2-8. m axim um  load required to fracture a 
specimen is equal to
=12.192//»/ (2-2)
Therefore. M TS Axial/Torsion material testing system  was adopted for low strain rate 
material testing since it has a m aximum load o f  55,000 Ib f .
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2.3.2. Selection o f  impact tensile testing machine.
To choose a mateiial testing system for an impact tensile testing two, different cases 
were considered. First case is when the energy applied by the striker was sufficient to 
yield material o f  the specim en. In this case the full energy consists o f  two parts: the 
energy to yield the material and the energy o f  the striker rebound. The loss o f energy is 
assumed to be negligible [21], [5], and [6]. Second case is when the specim en is 
com pletely broken after the impact.
To determ ine the energy required for the first case, two values o f  the energy were 
determined:
1. Energy that is required to yield the specim en. [21]:
n s y
V.
where. V  is the volume o f  the gage region o f  the specimen including filleted part o f  the 
sample. E  is Y oung's modulus o f  elasticity and 5v is the yield strength. Results o f  the 
calculation done using equation (2-3) are presented in the Table 2-9.
Table 2-9 Enersv Required to Yield the Specimens (Uy)
M aterial/Specimen No. Stainless Steel 316L
Titanium  alloy 
Grade7 Alloy C22
Specimen #1 (Ibf-in) 1.773 8.775 6.855
Specimen #2 (Ibf-in) 0.177 0.877 0.685
Specimen #3 (Ibf-in) 0.394 1.951 1.525
Specimen #4 (Ibf-in) 0.141 0.697 0.544
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2. Rebound energy o f  the striker, [21]:
U, =
M  (vN )■ (2-4)
w here M stands for the mass that can be defined as. [21]:
1 I I 
+  ■ (2-5)
where. M, and M : are the masses o f the striker and the tested part. In the presented case 
the total m ass is equal to 100 Ibm. v; stands for the velocity o f  the striker after the impact. 
This velocity can be computed using the following equation. [21]:
( 2-6 )
where r, is initial velocity o f the striker and e is the coefficient o f  restitution. Coefficient 
o f  restitution is determined using this equation. [21]:
where R  is equal to
e = 3.8
-I £r ) 2 n S .R ' (2-7)
1 1 1
R R, R.
(2-8 )
R i  and /?; are the radiuses o f  the striker and impacted surface. In the presented case it is 
assumed that the radius o f  the impacted surface is equal to a very big number thus:
- - * 0
R,
(2-9)
Et is defined as
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E. =
E .-f-E .
(2-10)
where E» stands for the Y oung’s modulus o f the material o f  the striker; Em stands for the 
Young's modulus o f  the tested material. Incorporating the above listed equations into 
equation (2-5). it can be rewritten as
e =  3.8
nS.
f E .E , 2 n S R -
and the equation for the energy o f  the rebound motion can be rewritten as
3.8
nS.
2 nS .R -
( 2 - 1 1 )
( 2 - 12 )
A ccepting that material o f  the striker has Young's modulus equal to 29.01 10* psi. radius 
o f  the indenter is equal to 0.36 inches and mass o f  the striker equals to 100 lb the 
following values o f  the energies that are presented in Table 2-10 were calculated for all 
types o f  specim ens and m aterials chosen for the evaluation.
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Table 2-10 Energy for Striker Rebound and Material Yield. fUr+Uv)
M aterial/Specim en No. Stainless Steel 316L
Titanium  alloy 
Grade7 Alloy C22
Specimen #1 (Ibf-in) 1.432 3.785 3.353
Specimen #2 (Ibf-in) 1.431 3.777 3.347
Specimen #3 (Ibf-in) 1.431 3.778 3.348
Specimen #4 (Ibf-in) 1.431 3.777 3.347
In addition to the above calculations the total energies required to break the 
specim ens were calculated. Values o f  energy needed to fracture the specim en at moderate 
strain rate are equal to the area o f  the graph under stress-strain curve obtained at low 
strain rate and adjusted by increasing the value according to the adopted earlier 
coefficient n. Assum ing that the area o f  that segment can be presented as an area o f  a 
triangle and a trapezoid the equation o f  the energy could be written as
U , = n V (2-13)
The area o f  the triangle represent elastic region o f  material behavior and the area o f 
trapezoid represent plastic region o f  material behavior. In the above equation *v’. and 
‘/  ' represent yield, ultimate and fracture points on the stress-strain curve respectively. 
The results obtained using equation (2-13) are presented in the Table 2-11.
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Table 2-11 Breakage Energy of the Specimens
M aterial/Specimen No. Stainless Steel 316L
Titanium  alloy 
Grade7 Alloy C22
Specimen #1 (Ibf-in) 3.121.12 1.470.81 8.529.87
Specimen #2 (Ibf-in) 311.95 146.90 852.43
Specimen #3 (Ibf-in) 694.09 326.83 1.897.69
Specimen #4 (Ibf-in) 257.83 116.71 677.23
Specimen type evaluation along with review o f mechanical properties o f materials 
offered a num ber o f alternatives. At this stage it was im portant to com pare the energy 
needed to fracture the specim en with working param eters o f  the equipm ent. This 
comparison along with the review o f available references. [9], [3], allowed selecting a 
threaded tensile specim en No. 2 as a working specimen for the project. According to the 
results reported in Table 2-11. energy requirements to fracture this specimen is equal to
= 8 5 2 . 4 3 / / » / (2-14)
Energy requirement to fracture this specimen is within the working range o f  the Instron 
Dynatup 8250 drop weight tow er impact test machine, which has a maximum energy o f 
an impact equal to 7.400 Ibf in. Therefore, the machine was chosen for tensile testing o f  
the materials under m oderate strain rate.
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2.4. Description o f  the equipm ent
2 .4 .1. Description o f  the MTS tensile testing machine
MTS tensile testing equipm ent is used for carrying out tensile and torsion tests o f 
materials. The MTS testing system is composed o f  a num ber o f  integrated systems [22]. 
It includes a load frame ( 1 ). a load unit control panel (POD) (3). grip supply (4). 
tem perature controller (6). strain gage conditioner (5). com puter (2), control box (7). 
hydraulic service manifold (8) and a hydraulic pump (9).
n n
D D D D D
/—
a
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IÜ1
R gure 2-4 MTS Tensile System  Com ponents
Load Frame Specifications o f  the MTS Tensile/Torsion material testing system are 
presented in the Table 2-12.
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Table 2-12 Load Frame Specification
MTS tensile system param eters Values
W orking Dimensions 25 inches wide by 57.6 inches high
Axial Load Transducer 55.000 Ibf
Torsional Load Transducer 20.000 in-lbf
Linear Actuator 
Rotary Actuator
±3 in. measured with an LVDT
100*^  static rotation (± 50°). measured with an ADT. 
90° dynam ic rotation (±45°)
The axial and rotarv actuators are controlled bv
Frequency Rating separate servo valves. .Maximum frequency will vary 
with specimen stiffness.
R gure  2-5 MTS Tensile System.
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The hydraulic grip supply is used to apply gripping pressure to the specim en during a 
test. Loading and unloading a specim en is accomplished with the four knobs on top. A 
dial indicator inside the cabinet displays the current gripping pressure. The pressure is 
controlled by a com bination o f  air and hydraulic fluid. The m axim um  gripping pressure 
(6500 psi) o f  this supply unit can easily crush many soft materials. That is why it is 
necessary to check the desirable gripping pressure before installing the specim en. The top 
o f  the grip supply is shown schem atically in Figure 2-6. The four knobs shown are used 
to operate the grips. The two knobs on the right are used to open and close the lower 
grips. The two knobs on the left are used to open and close the upper grips. The 
grip/release procedure is described in the Implementation Procedure Chapter 4 o f  this 
work. MTS Control Unit houses all the electronic signal conditioners and controllers for 
the hydraulic com ponents. It is the piece o f  hardware that links the com puter, testing 
machine, grips, and hydraulic supply altogether.
Upper Grip Lower Grip
R gure  2-6 Hydraulic Grip Supply Controls 1
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Hydraulic Service M anifold regulates supply to the actuator and grip supply unit. 
Hydraulic Pump represents the pump and the reservoir for the hydraulic system. The 
hydraulic wedge grips along with a  set o f custom  blocks for mounting threaded dogbone 
samples. Figure 2-7 shows m ajor load frame com ponents o f  the MTS load frame 
com ponents, which includes an adjustable crosshead ( 1 ). Axial/Torsional Load 
Transducers (2). W edge Grips (3). Crosshead Controls (4). LVDT (5). ADT (6). Linear 
A ctuator (7). Rotary A ctuator (8).
Figure 2-7 Load Frame Com ponents
The actuators have several control modes. The linear actuator can be controlled by 
force o r  displacem ent. These controls can be operated autom atically by the com puter o r 
manually by using the POD. The rotary actuator can be controlled by torque o r angle.
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These controls can also be operated automatically by the com puter o r manually by using 
the POD. The POD elem ents are shown in the R gure 2-8.
Controlleni
A xial
Tursiunal
Curreni Mode LÜCP Mode
Length A SG Force A Pod
Angle A SG Torque A Pod
Current Value 
0 1240lcpi 
0.0023 in
■\uto Zero» 
Control Mode Next Pane
Slop Mold K un/Resume
Test
Control
Reset
OtT High
HPS
Control
OIT HighLow
On/OirActuator
Posinomng
Control
Actuator
Positioning
Control
On/OtT
•6
■7
R gure 2-8 The Load Unit Control Panel (POD)
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Load Unit Control Panel shown in Figure 2-8 includes the following com ponents: 
em ergency stop button (I) ,  D isplay (2 windows) which are toggled on/off w ith the “Next 
Pane” button (2), display controls (3). test controls, which are duplicated on the com puter 
screen, interlocks (4), Interlocks (5). pow er control for main pum p (6), pow er control for 
service manifold (7). linear actuator control (8). and rotary actuator control (9).
This material testing system  uses TestStar data acquisition software that collects the 
readings o f  the load cell and the displacement reading o f  the actuator with user specified 
frequency. TestStar softw are allows setting up a step-by-step testing procedure o f  the 
experim ent. This com m and routine usually specifies such param eters o f  the machine as 
velocity o f  the actuator, load application rate, final elongation, duration o f  the 
experim ent, “stop test” criteria and other test procedure related param eters. MTS data 
acquisition software allows saving the data file on any o f  the com puter m edia carries in 
the Excel com patible file format. MTS testing machine has a load cell calibrated for axial 
testing up to 55.000 Ibf. The accuracy o f the machine is adequate for the testing with 
maximum loads o f  up a few thousands. Upon selection o f  the specim en dim ension type a 
tensile load o f  fracture was determined to evaluate the applicability o f  the existing 
equipm ent. MTS testing system well satisfied the testing conditions for the quasi-static 
tests o f  all types o f  specim ens evaluated for this work. Equipm ent provided with the 
machine did not include an appropriate fixture for testing o f  threaded cylindrical 
specimens. D esigning and manufacturing o f  such a fixture will be presented in C hapter 3.
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2.4.2. Description o f  the Instron Dynatup Impact test machine
For the purpose o f  dynam ic tensile testing an impact testing machine was selected 
using the maximum energy selection criterion. Using obtained data a num ber o f  different 
conventional impact system s were evaluated. Instron Dyantup 8250 testing machine was 
accepted for the impact testing with moderate strain rates. It satisfied required energy 
dem ands o f the tensile testing.
Instron Dynatup testing equipm ent is a drop weight type o f  impact testing equipm ent. 
It consists o f  a number o f  elem ents that are shown in the principal scheme o f the machine 
in the Figure 2-9. The primarv com ponents o f the Instron Dyantup 8250 im pact testing 
machine. [23]. includes a tup ( 1 ). load cell (2). striker (3). tup guides (4). brakes (5), base 
that holds all the equipm ent o f  the machine (6). control panel (7). com puter with data 
acquisition system (8). specim en fixture (9). ''flag" that is used to start the data collecting 
process ( 10) and a stationary trigger mechanism (11) that sets a signal to data acquisition 
board once the “flag” passes through it. The general view o f the Impact machine is 
selected for the project presented in Figure 2-9.
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Figure 2-9 Instron Dynatup 8250 Impact Test M achine Com ponents.
Different set up options o f  the equipm ent allow running impact tests in gravity driven 
mode and with pneum atic assist. This along with variation o f  the tup m ass that can be 
change from 5.5 lbs to 10. 25. 50. 75 and 100 lbs using a num ber o f  additional m ounting 
plates provides considerably flexible access to different levels o f  energy and velocity 
output o f  the equipm ent. M axim um  and minimum values o f  velocities and energies for 
each o f the main w orking modes o f  the Instron Dynatup 8250 impact test machine are 
presented in the Table 2-13. View o f  the installed m achine is presented in Figure 2-10.
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Table 2-13 Characteristics of Instron Dvnatup Testing Machine
W orking Parameters
Gravity-D riven 
Min Max
Pneum atically-Assisted 
Min Max
Impact Energy (Ibf in) 6.00 2.688.00 6.00 7.440.00
Impact Velocity (in/sec) 24.00 144.00 24.00 528.00
Figure 2-10 Instron Dynatup 8250 Impact Testing Machine-
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This machine uses a load cell calibrated to the load o f  5000 Ibf. The data m easured by the 
load cell is collected by the data acquisition system. Instron Dyanatup drop weight testing 
machine incorporates an 1-940 data acquisition software. This software allows creation o f 
custom  test setup, test reports and export data files. The software that records 4096 data 
points within the given time frame o f  the experiment allows quickly obtaining curves o f 
load. time, velocity o r deflections right after the test. Using the set-up procedure, a 
number o f  different tests can be arranged. The tests can be conducted in gravity m ode and 
using a pneum atic assist. The former allows increasing velocity o f the tup to 528 in/sec. 
Selection o f the mode as well as selection o f  automatic tup return to the preselected 
height is done w ith the help o f  control panel shown in Figure 2-11. Control panel is also 
used to lunch the tup to run the impact test.
LT»
DOWN
FTRE
Figure 2 -1 1 Control Panel
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There are a few options o f  triggering the m echanism o f  data collection. One o f  the m ost 
convenient options is the *Rag trigger m ode '. This type o f  data collection triggering 
initiates data collection process when the second leading edge o f the double- edged 'f la g ', 
shown in the Figure 2-12. passes through the 'Velocity D etector', shown in Figure 2-13. 
This option o f  data collection initiation allows not only starting the data acquisition 
system right before the collision o f  striker and the specim en but also allows obtaining 
velocity o f  the tup prior to the impact, which in turn is used to calculate the displacem ent 
and energv.
Figure 2-12 Instron Dynatup 8250: Close Up View o f  the 'flag '
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Figure 2-13 Instron Dynatup 8250: Close Up View o f  the ‘Velocity D etector’
Built-in security system prevents running the equipment with an open access door. Safety 
“ H" bar is used when installing and uninstalling the specimens.
Despite o f  the availability o f many convenient features, this impact machine could 
not be used for the impact tensile testing o f  cylindrical specim en w ithout certain 
modifications. Original design o f  the machine and the clam ping fixture that was 
provided by the manufacture was designed for puncture test o f  plate type specim ens. This 
fixture could not be used for the tensile testing. In order to fulfill the procedure o f  the 
project, an original fixture was supposed to be design to meet all the requirem ents o f  the 
testing.
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CHAPTER 3 
FIXTURE DESIGN
Design o f  fixtures that serves the purpose o f  the research and require minimum 
machining and assembly time is the main objective o f  this stage o f the project. Several 
alternatives are considered. The availability o f potential material stocks is checked. At 
that stage all technical draw ings are prepared using a num ber o f  different CAD software 
such as. .AutoCAD. SolidW orks and Pro/Engineer. Using such a diverse range o f  
software allows not only prepare technical docum entation in shot period o f time but also 
verify the interaction between all the parts o f the assembly including the parts o f  testing 
machines used to attach o r fix fixture components. Steel 1045 Annealed is chosen for the 
fixtures. .Mechanical properties o f the material. [24], are presented in the Table 3-1.
Table 3-1 Fixture Material Characteristics
Fixture M aterial Ultimate Stress 
(Su)
Stress values in psi 
Yield Stress 
(Sy)
Y oung's M odulus 
" ( E )
Steel 1045 Annealed 108.9 10^ 74.84 10^ 27.00 10"
41
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
42
3 .1. Evaluation o f  the specimen
Design process was started by evaluation o f  the selected tensile specim en. The 
process included determ ination evolution o f  the threads o f the specim ens made o f  
different m aterials subjected to maximum load determined in the C hapter 2. The 
geom etry o f  the selected specim en is presented in the Figure 3-1. All param eters o f  the 
part are presented in Table 3-1.
Do
Ls
Figure 3-1 Selected Specimen
Table 3-2 Parameters o f  the Selected Specimen
Characteristic dim ensions o f  the specimen Values
Cross section area o f  the specimen within the gage length As =  0.012 in2
Cross section area o f  the threaded part o f  the specimen At = 0.049 in '
M ajor diam eter o f  the threaded part o f  the specim en d = 0.25 in
M inor diam eter f  the threaded part o f  the specim en dr = 0.189 in
Length o f  the threaded part t =  0.292 in
Length o f  the specimen Ls =  1.15 in
Pitch o f  the threads p = 0.05 in
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M echanical properties o f  the specim en m aterials are given in the Table 2-4. Basing on the 
previously done calculations in section 2.1. Table 2-8. the maximum tensile force to 
break the specim en is equal to
P ^ = 2 ^ 7 7 l b f  (3-1)
a. Thread Shear (“Stripping”) Stress.
Using obtained value o f  the maximum load the shear stress is determined:
r  = — (3-2)  
m l(0 .7 5 t)
The safety factor for shear stress is equal to
r f  =  (3-3)
.Although the martial o f  the fixture will behave sim ilar to that o f the specimen m aterial,
the increase o f the strength o f  threaded connections will be absolutely different.
According to the findings o f  [7]. this increase o f strength varies from 29-52 percent as 
strain rates o f  2.5 10^ sec ' to just 8-15 percent at strain rates o f  102 sec ’. Therefore, 
design o f  all fixture com ponents was carried out using the assumption that although the 
strength o f  the tested material will be increasing w ith accordance to the ratio «. as shown 
in Section 2.3.1. mechanical properties o f  the fixture material will exhibit no increase o f  
its mechanical properties.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
44
Table 3-3 Safety Factor for the Shear Stress of the Threads
Material Safety Factor
Stainless Steel 3 16L 0.967
Titanium  Grade 7 1.547
A lloy C22 1.934
b. .Analysis o f the threaded bearing (compressive) stress.
4 P
a  = ------------   (3-4)
!c {d ' - d ; ) —
P
The safety factor for bearing stress is chosen taken into account the softest o f  the 
materials o f  fixture o r the specim en. [27].
r f  — —  (3-5)
cr
Table 3-4 Thread Safetv Factor for the Bearing Stress
Material Safety Factor
Stainless Steel 316L 1.195
Titanium  Grade 7 1.913
Alloy C22 2.391
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3.2. MTS fixture design
Taking into account dim ensions o f the selected specim en and design constrained 
offered by the equipm ent a design o f  the fixture was offered.
3.2.1. Com ponent Fixture Design
The exploded view o f the MTS tensile fixture presented in the Figure 3-2 composed 
of upper specimen holder ( 1 ). lower specimen holder (5). specim en (2). guides (3). and 
fixing screws (4).
R gure 3-2 Exploded View o f the MTS Tensile Fixture.
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The m axim um  width o f  the fixture is constrained by the maximum distance between 
the jaw s o f  the MTS clam ping grips, which equals to 0.52 inches. Taking into account 
this fact, the following fixture geometry dimensions were selected:
Figure 3-3 MTS R xture Com ponent Dimensions
Lower specim en holder has two threaded holes drilled in its body for the guide 
attachment as shown in Figure 3-2. The major diam eter o f  those threaded holes is equal 
to 0.155 inches. To sim plify the analysis it is assumed that there is one hole through the 
part with a diam eter equal to 0.31 in. Using the ratio between the parts width and the 
diam eter o f  an unloaded hole the stress concentration factor is was determ ined, [27]:
K ,  =  2.8 (3-6)
a. The nominal stress o f  the fixture in the region o f holes:
cy. =■
{L — 2d)w
Kt (3-7)
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The safety factor o f  the fixture in the region o f  holes:
b. Thread shear (“Stripping”) stress
ÆD(0.75r)
The safety factor for shear stress is equal to
r
c. Analysis o f  thread bearing (“com pressive”) stress
4 P
P
The safety factor for the threads bearing loading is equal to
Table 3-5 H older MTS Fixture Com ponent Safetv Factors
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s f  ——— (3-8)
£7.
r  = — ^  , (3-9)
0.585,,
s j = -------- ^  (3-10)
< 7 , ,= ------------   (3-11)
- d ;  )—
5
s f  (3-12)
Loading Type Safety Factor
Tensile lading in the region o f  side holes 7.723
Thread shear stripping 2.894
Thread bearing loading 3.579
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Fully assembled MTS tensile fixture is shown the Figure 3-4. The fixture (2), is titling 
fixed in the MTS machine with two sets o f grips (3) positioned in the actuator heads (I). 
Guides are used in the initial stage of fixture positioning. After being slid in between the 
grips o f the lower actuator the fixture is rested upon the guides before being clamped by 
the grips.
'«S
. .,;:îri!5Sar r;- t
' I
Figure 3-4 MTS Tensile Fixture Setup.
3.2.2. FEA Fixture Design Evaluation
To evaluate the design o f the MTS specimen holding fixture a Finite Element 
Analysis was carried out using Pro/Mechnaica software. The results obtained using the 
simulation are presented in the Figures 3-5 through 3-7. The results showed that the
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maximum stresses in the fixture are considerably lower than the yield strength o f its 
material. The region o f  m axim um  stresses that reached 3.626-1 O'* psi was at the edge o f  
the specimen-attaching opening. The maximum displacement that also took place at the 
edge was computed to be 1.114-1 O'" in. The analyses showed that holes for the guides' 
attachment did not weaken the part significantly.
Figure 3-5 Contours o f  External Stress Distribution in the MTS Fixture
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Figure 3-6 Contours o f  Internal Stress Distribution in the MTS Fixture
Figure 3-7 Contours o f  Displacement in the MTS Fixture
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3.3. Instron Fixture Design
Design o f  the fixture for the Instron Dyantup testing machine was one o f  the most 
challenging phases o f  the project. It has been stated earlier that available impact testing 
machine was not designed to conduct tests in the desired fashion. The fixture was 
supposed to replace the original plate clam ping m echanism, satisfy all the design 
constrain and provide desirable integrity. Collecting o f  the inform ation regarding the 
mating components o f  the testing machine such as base plate, tup guides and load cell 
was the first stage o f  the design. Drawings o f the com ponents were collected and 
evaluated. Basing on the obtained data a principal design was offered. The following 
guidelines were kept in mind:
1. The fixture base should be a massive part providing sufficient support for the 
specimen holding parts.
2. Specimen holding com ponents should not only provide enough support to the 
specimen but also allow access to the part that would transm it the impact from 
the striker to one o f the specim en ends.
3. The design should allow easy way o f accessing the specim en for installation and 
uninstallation. Having a specim en with two threaded ends it was important to 
have a design that will allow adjustable position o f  the specim en attached parts 
after all the connections are securely tighten.
4 . The threaded female part o f  the load cell was o f  considerably larger size than 
the one required for the fixture o f  the striker. Thus additional part o f  the adapter 
was to be introduce to allow usage o f  a small fixing elem ents and maintain the
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freedom o f the final position o f  the striker after all the elem ents are tightly 
connected.
After a num ber o f  modifications o f  the preliminary drawings the design was satisfying all 
o f the design criteria. The following calculations were carried out to guarantee the safety 
o f  the design using the required equations provided in [25].
The exploded assembly o f  Instron Dynatup impact testing fixture is presented in 
Figure 3-11. The com ponents incorporated in the design include a thread adapter ( 1). 
striker (2). a set o f eight nuts (3). a specimen holder (4). a tensile specimen (5). a 
transmitter (6 ). a set o f four fiat washers (7). a set o f  eight locking washers (8 ). a base 
plate (9). a set o f four colum ns ( 10). an insert ( I I ) .  and a fiat nut ( 12) that is used to fix 
the striker to a thread adapter.
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R gure 3-8 Exploded View o f  the Impact Tensile Fixture
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3.3.1. Instron Fixture Component Design
3 .2 .2 .1. Holder Com ponent Design
A -A
À
f
c-c
Figure 3-9 H older Com ponent o f  the Instron Tensile Fixture
a. The shear loading
The critical shear loading will occur on the smallest cross section area o f  the ’Holder* 
com ponent o f  the Instron fixture. Shear stress at the cross sections through the column 
positioning holes (A-A) and striker fingers passing openings (C-C). Figure 3-9. is equal
to
B  ^ h +  b  — h) +  2 {S çh  - ^ b ç (H  — h ))
Safety factor for the shear loading at this location is equal to
0.585.,
=
(3-13)
(3-14)
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B - B
Figure 3-10 Section View o f the Holder Component.
Shear stress in 'Holder* component o f  the Instron fixture through the cross section o f  the 
insert-positioning hole. Figure 3-10. is equal to
r, =
B H - d ( H - h ) - D h
Safety factor for shear loading at this location is equal to
0 .5 8 5 .
s f,  =
r.
(3-15)
(3-16)
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
56
b. The bending loading
D -D
H
Figure 3 -1 1 Section View o f the Holder Component (2)
Approximating the model ot' the ‘Holder* part loading as a loading o f  the cylindrical plate 
with constant cross section, bending moment is determ ined using the following equation. 
[26]:
6(-w)a
—
C jK
Q
H-
(3-17)
where constants o f  the equation are determined using the following equations. [26]:
I +  v
In
(
+■I — V 1 - (3-18)
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(l +V')—+  ( l - v ) - ^  
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(3-19)
(3-20)
(3-21)
In these equations r  stands for Poisson 's ratio, w  is the tbrce per unit o f  circumferential 
length.
Safety factor for the bending loading o f  the ‘Holder* part is com puted using the following 
equation:
(3-22)
c. The bearing loading
d.-.x4HOLES D.
\d . X 4 HOLES
Rgure 3-12 Specimen Holder Views
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The safety factor for the bearing loading applied to the connections o f  the specimen 
holder and colum ns
5 .
= (3-23)
The safety factor for the bearing loading applied to the connections o f  the specimen 
holder and the insert
= (3-24)
Table 3-6 Holder Com ponent Safetv Factors
Loading Type Safety Factor
Shear loading ( 1 ) 18.72
Shear loading (2) 9.52
Bending loading 1.440.00
Bearing loading ( 1 ) 11.73
Bearing loading (2) 3.21
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3.2 2 .1. Insert Component Design
An insert part is made o f  the same material as the specimen holder. The analysis o f 
hearing loading is carried out in the section o f  the specim en holder design,
a. Tensile loading o f  the Insert
B
**-r'
B
B- B
H
h I 
k — >1
Figure 3 -13 Insert Component o f  the Instron Tensile Fixture.
P(T= T  
m l '  / 4
Safety factor for the tensile loading o f the Insert com ponent is equal to
(3-25)
(3-26)
b. Shear loading o f  the Insert
Shear loading o f  the Insert will take place in the section supporting the part in the Holder
ndh
Safety factor of Insert for the shear loading is equal to
(3-27)
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(3-28)
Table 3-7 Insert Instron Fixture Com ponent Safety Factors
Loading Type Safety Factor
Tensile loading 5.70
Shear loading 4.21
3.2.2.3. Column Com ponent Design
Figure 3-14 Colum n Component o f the Instron Tensile Fixture
a. The com pression loading
The holder o f  the specim en is fixed on four colum ns. The com pressive stress in the 
Colum n com ponent is determ ined using the following equation:
P
5 = ■
AA
(3-29)
The safety factor for the com pression axial loading o f  the colum n is equal to.
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(3-30)
b. The critical buckling loading
641-
(3-31)
The safety factor for buckling load
wax
(3-32)
Table 3-8 Column Comnonent Safetv Factors
Loading Type Safety Factor
Com pressive loading 15.05
Buckling loading 104.44
3.2.2.4. Transm itter Com ponent Design.
c-c
R gure  3-15 Transm itter Component o f  the Instron Tensile Fixture.
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a. Bending loading
It is assumed that the load is concentrated and the force is located at 0.7 inches away
from the centerline o f  the part. M axim um bending stress is com puted using the following
equation
where stress concentration factor is determ ined as. [25]:
/f, = 1 .6  (3-34)
The safety factor for bending
(3-35)
< h^
b. The transverse shear loading
M aximum transverse shear loading o f  the Transm itter com ponent is determ ined as
3 V
= 7 — <3-36)
The safety factor for the transverse shear is equal to
5 .0 .5 8
= — ------  (3-37)
^m ax
Table 3-9 Transm itter Component Safetv Factor
Loading Type Safety Factor
Bending loading I.2 I5
Transverse shear lading 5.05
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I
r R — *-----Itc
Figure 3-16 Striker Component o f the Instron Tensile R xture
a. Compressive loading
Compressive stress in the S triker's finger is determined as
P
G  =2j!Si_
‘ 2A
where area o f the S triker's finger was determined using AutoCAD 14.
Safety factor for the com pressive loading o f  the S triker's finger is
(3-38)
(3-39)
b. The critical buckling loading
p (3-40)
where moment o f  inertia o f  the S tr ik e rs  finger was determ ined using AutoCAD 14.
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13-41)
max
Table 3-10 Striker Component Safetv Factors
Loading Type Safety Factor
Com pressive loading 7.278
Buckling loading 130.30
Additional component o f  the fixture that was used to attach the striker com ponent is a 
thread adapter. Not carry ing any loading its primary function is to attach a striker with a
0.25 in diameter female hole to the load cell that has a 0.75 in female threaded hole. 
Original threaded connection could not be used due to its great size.
The general view o f the assem bled Instron fixture is presented in the Figure 3-16. The 
com ponents o f  the Impact Instron Dynatup shown in the picture include: load cell (2). 
breaks (I),  break extensions (7). weights (5). guides (3). and the base plate o f  the 
machine (6 ). The fixture (4) is attached to the base plate.
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Figure 3 - 17 Impact Tensile R xture Setup.
3.3.2. FEA Instron Fixture Evaluation.
In order to verify the design o f  the fixture a finite element analysis was carried out o f  
the simplified assembly using Pro/M echanica software. The results obtained from the 
analysis are presented in the R gures 3-17. and 3-18. The most loaded parts o f  the fixture 
are the transm itter and the striker parts. The highest stress are com puted are on the order 
o f  yield stress o f  the fixture material.
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Figure 3-18 Contours on External Stress Distribution in the Impact Fixture.
Figure 3-19 Contours o f  Internai Stress Distribution in the Impact R xture
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
67
Figure 3-20 Contours o f  Stress Distribution in the Transm itter/Specim en Region
R gure 3-21 Contours o f  Stress D istribution in the Striker
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
68
3.3.3. Natural Frequency of the Fixture.
The evaluation o f  the fixture stiffness was continued with analysis o f  its natural 
frequency. Natural frequency o f  the assembly was determ ined using Pro/M echanica finite 
elem ent software. The results o f  the analysis are presented in the Figures 3-21 through 3- 
24. The values o f  natural frequencies o f  the fixture are presented in the Table 3-5. Out o f  
the four modes investigated, the natural frequency o f  the fixture in the axial direction can 
have potential affect on the results. For the natural frequency in the axial direction the 
expected time o f the test approxim ated around 2 - 4  msec is less then the period o f  the 
first mode, which is equal to 5.48 msec. The other three modes evaluated, being bending 
modes, would not have significant influence on the results due to absence o f  the load 
applied in that direction. It can be therefore concluded that the natural frequency o f  the 
fixture will not affect the accuracy o f  the load measurements at projected strain rates o f 
testing.
Table 3-11 Natural Frequencv o f  the Instron R xture
Mode # Natural Frequency ( I/sec) Description
I 182.5 Axial
2 1.083.7 Bending
3 1.089.5 Bending
4 1.663.2 Bending
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Figure 3-22 Natural Frequency o f  the Fixture Mode i .
Figure 3-23 Natural Frequency o f  the R xture M ode 2.
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Figure 3-24 Natural Frequency o f  the Fixture Mode 3.
i
Figure 3-25 Natural Frequency o f  the R x tu re  M ode 4.
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CHAPTER 4
TESTING PROCEDURES
This chapter presents the testing procedures for the M TS and Instron test machines. 
This information is based on studying o f manuals for the equipm ent as well as numerous 
testing o f  specim ens.
4 .1. MTS Testing Procedure.
MTS testing procedure was developed to provide step-by-step guidelines for the 
experimental part o f  the project that included quasi-static and low strain rate tensile 
testing o f  the specim ens. The steps offered in this section represent quality assured 
procedure adopted for the project. [2 2 ].
4.1.1. Startup procedure
1. Power up sequence
1.1. A pow er strip in the bottom o f the com puter cabinet is used as the on/off switch 
for pow er supply to the com puter and testing hardware. Turn on this power 
switch and wait for the W indows NT desktop screen to appear on the com puter
1.2. A "Teststar IF' folder appears on the desktop. Open this folder and start 
“Teststar*. In 1-2 minutes the softw are will finish loading and the Load Unit 
Control Panel (POD) will be activated
71
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1.3. Go back to the ‘T eststra r 0 "  folder and start *Testware-SX” . The actuators can 
now be controlled manually using the load control panel (POD).
4.1.2. W arm -up procedure.
1. Move the cursor to the Testware-SX window. Select "Open Tem plate’ from the "File" 
menu. Choose the "Warmup.OOO’ template and select 'Execute Procedure' from the 
procedure menu. A new window will appear with run. hold, and stop buttons. Don not 
hit run until you perform the following operations.
2 . Turn on hydraulics sequence.
1.1. Turn on the hydraulic power supply (HPS) using the appropriate buttons on the 
POD. First, press the low ' button, then the high' button.
1.2. Turn on the hydraulic service manifold (HSM ) using the appropriate buttons on 
the POD. First, press the 'lo w ' button, then the 'h igh ' button.
3. Move the Crosshead Sequence
3.1. Unlock the crosshead positioning control using the switch on the front o f the 
MTS load frame. The symbol for the locked position is a closed circle, the 
symbol for the unlocked position is a thin circle surrounded by a broken circle 
as shown in R gure 4 - 1.
3.2. Move the crosshead up so that there is at least 6 inches o f  space between the 
two grips. The crosshead is positioned using the lower switch on the front o f  the 
MTS load frame. Turn this switch back to its center position after the crosshead 
is in position.
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3.3. Lock the crosshead in place by turning the upper switch on the front o f  the MTS 
load frame to the locked position.
Figure 4 - 1 Crosshead Control Panel.
4. Change Control M ode to Length POD ’ Sequence
4.1. If the ‘CL’^ RRENT M OD E’ for the ‘A xial’ controller is set to ‘Length POD’ in
the POD display window, then go to step 5; otherwise, go to step 4.2.
4.2. Move the cursor in the POD display window to highlight the axial controller
row.
4-3. Press the N ext M ode’ button until the POD mode reads Length POD’.
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4.4. Turn the axial actuator positioning control knob on. If it is already on. turn it o ff 
and then on. The 'CU RREN T M OD E’ for the A xial’ controller should now 
change to "Length PO D ’.
5. Set the Zero Reference Position Sequence
5.1. Use the axial actuator positioning control knob to position the actuator in its 
center position. The actuator can move a total o f  5” in the axial direction. So 
place it approxim ately 2.5” above it’s bottom position.
5.2. Move the cursor in the POD display window to highlight the axial controller 
row.
5.3. Press the "Next M ode’ button until the POD mode reads "Force POD ’.
5.4. Turn the axial actuator positioning control knob on. If it is already on, turn it off 
and then on. The "CURRENT M ODE’ for the Axial’ controller should now 
change to "Force POD ’.
5.5. M ove the cursor in the POD display window to highlight the displacement row 
under the IN PU T SIGNALS heading.
5.6. Press the auto zero button. The current value for displacem ent should change to 
approxim ately 0.001” . It does not read 0.0” exactly. NOTE: You must be in 
"Force PO D ’ control mode when setting the zero reference for displacement.
5.7. Change the axial control mode back to "Length POD’ by repeating step 4.
6 . Run the W arm -up Tem plate Sequence
6 . 1. Turn the axial actuator positioning control knob off.
6.2. Press the green run/resum e’ button on the POD or press the RUN’ button on 
the com puter screen.
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6.3. The warm up cycle moves the actuator up and down for 33 minutes. The 
am plitude o f  m otion is 2” .
6.4. Close the W arm -up Tem plate by left-mouse clicking the yellow, blue, and black 
button at the upper left com er o f the Testware-SX  window and selecting the 
‘close* option.
4 .1.3. Tensile Test Procedure.
I . Start the Test Tem plate Sequence.
1.1. Move the cursor to the Testware-SX window. Select "Open Template* from the
File* menu. Select the ‘Tension Test* folder. Choose the ‘Tension.OOO* default 
template o r a  material specific template (e.g.. ‘Ti tan ium_ 6  AL4 V_Tension.OOO’l  
and select ‘Execute Procedure* from the procedure menu.
1.2. The tem plate is designed to run the test using displacem ent control and consists 
o f  the following steps:
1.2 .1. Zero the load
1.2.2. Hold at zero load
1.2.3. Collect Data
1.2.4. Step Done (Completion o f  the test)
Set the constant velocity o f  the actuator to the desired value for each test in the 
‘Collect Data* step o f  the test template.
1.3. Switch from ‘Edit Procedure* mode to Execute Procedure* mode. You will be 
asked to nam e a  data file. Choose a name that uniquely identifies each sample.
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Also choose the option to include a summary o f  the test procedure in the data 
file.
1.4. You will be asked to name a data file. A new window will then appear with run, 
hold, and stop buttons. Do not hit run until you perform the following 
operations.
2. Turn on hydraulics sequence.
2 .1. If the hydraulics is on, skip to step 3.
2.2. Turn on the hydraulic power supply (HPS) using the appropriate buttons on the 
POD as shown in Figure2-6. First, press the Mow' button, then the 'h igh ' button.
2.3. Turn on the hydraulic service manifold (HSM) using the appropriate buttons on 
the POD as shown in Figure 2-6 First, press the low ' button, then the high' 
button.
3. Change Control M ode to 'Length POD ’ Sequence
3.1. If the 'CU RREN T MODE* for the Axial* controller is set to Length POD* in 
the POD display window, then go to step 4: otherwise, go to step 3.2.
3.2. Move the cursor in the POD display window to highlight the axial controller 
row.
3.3. Press the 'N ext Mode* button until the POD mode reads 'Length POD*.
3.4. Turn the axial actuator positioning control knob on. If it is already on, turn it o ff
and then on. The CU RREN T MODE* for the Axial* controller should now 
change to 'Length POD*.
4. Prepare the Test Sample Sequence
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4.1. Select a test sample and make sure it has been properly identified and its 
dim ensions have been recorded.
4.2. Use ink if  necessary to mark the top and bottom o f the gage length section o f 
the sample. Measure and record the length between these marks.
4.3. Screw the top and bottom o f  the sample into the rectangular gripping blocks.
4.4. Place the sample-gripping block with the alignm ent bars in the bottom set o f 
wedge grips.
5. Set the Crosshead and A ctuator Positions Sequence
5 .1. Use the axial actuator positioning control knob to position the actuator about %” 
from it’s top position. Make sure that the axial control mode is set to Length 
Pod’ before moving the actuator.
5.2. Unlock the crosshead positioning control using the switch on the front o f  the 
MTS load frame. The symbol for the locked position is a closed circle, the 
symbol for the unlocked position is a thin circle surrounded by a broken circle 
as shown in Figure 4 - 1.
5.3. Move the crosshead down until the bottom surfaces o f  the upper wedge grips 
are ju st above the top o f  the upper sam ple-gripping block. The crosshead is 
positioned using the lower switch on the front o f  the MTS load frame. Turn this 
switch back to its center position after the crosshead is in position.
5.4. Lock the crosshead in place using the upper switch on the front o f  the load 
frame.
5.5. Raise the actuator so that the sam ple-gripping block moves between the upper 
wedges. M ove the actuator slowly and be sure that the upper block is oriented
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correctly so that is slides between the wedges without hitting them . You can put 
thousands o f  pounds o f  force on the sample instantaneously if  the upper block 
hits the bottom o f the wedges. Always use the actuator for the final position 
adjustment instead o f  the crosshead. The actuator can be controlled with finer 
precision than the crosshead.
5.6. Make sure that the actuator is not fully extended to its top position. The 
hydraulic controls do not function properly when the actuator is at the very top 
and bottom positions.
6 . Set the ’Force* and ‘Displacement* Zero Reference Sequence
6 . 1. The axial control mode should be in Length POD* mode since you just finished 
moving the actuator.
6.2. M ove the cursor in the POD display window to highlight the force row under 
the INPUT SIGNALS heading.
6.3. Press the auto zero button. The current value for force should change to 
approximately 0 Ibf. The force reading will actually fluctuate between ±3 Ibf. 
NOTE: You must be in Length POD* control mode when setting the zero 
reference for force.
6.4. Move the cursor in the POD display window to highlight the axial controller 
row. Press the N ext Mode* button until the POD m ode reads Force POD*.
6.5. Press the N ext Mode* button until the POD mode reads Force POD*.
6 .6 . Turn the axial actuator positioning control knob on. If  it is already on, turn it off 
and then on. The ’CU RREN T MODE* for the ’Axial* controller should now 
change to ‘Force POD*.
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6.7. Move the cursor in the POD display window to highlight the displacem ent row 
under the INPUT SIGNALS heading.
6 .8 . Press the auto zero button. The current value for displacem ent should change to 
approxim ately 0.001” . It does not read 0.0” exactly. NOTE: You must be in
Force PO D ’ control mode when setting the zero reference for displacem ent.
6.9. Change the axial control mode back to "Length POD’ mode.
7. Close the Low er W edge G rips Sequence
The four knobs o f  the hydraulic grip supply are shown in Figure 4-6. These controls will 
be referred to as knobs 1 -4 as indicated in the figure below.
7.1. Turn knob 1 clockwise until it stops. Do not over tighten the knob. Use very 
little finger pressure to tighten the knob.
Upper Grip Lower Grip
Figure 4-2 Hydraulic Grip Supply Controls 2
7.2. Turn knob 2 counterclockwise until it is loose. This knob will be a  little tight 
initially. You only need to rotate the knob a few degrees to  loosen it.
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7.3. The low er w edge grips should close on to the lower specim en-gripping block.
8 . Close the Upper W edge Grips Sequence
8.1. Change the axial control m ode to "Force POD before closing the upper grips. 
Repeating steps 6.4-6.6 above does this. Note: It is im portant to be in force 
control mode when closing the upper grips. W hile in force control mode, the 
control system autom atically tries to keep the load reading at its current level (0 
Ibf). If the system  is in Length POD mode when closing the upper grips, the 
controller will try to keep the actuator in the same position and can put 
thousands o f  pounds o f  force on the specimen when the grips are closed.
8.2. Turn knob 3 clockwise until it stops. Do not over tighten the knob. Use very 
little finger pressure to tighten the knob
8.3. Turn knob 4 counterclockw ise until it is loose. This knob will be a little tight 
initially. You only need to rotate the knob a few degrees to loosen it.
9. Run the Tensile Test Sequence
9.1. Turn the axial actuator positioning control knob off.
9.2. Press the green "run/resume* button on the POD or press the RU N ’ button on 
the com puter screen.
9.3. The tensile test program will start running.
9.4. After the sample breaks, hit the stop button on the POD o r on the com puter.
9.5. From the D ata’ menu in the Testware-SX window, select "close data file’.
9.6. From the "Control’ menu in the Testware-SX window, select "Reset’.
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10. Remove the Sample Sequence
ID.I. Set the Axial Control Mode to 'Length POD’.
10.2. Turn the axial actuator positioning control knob on.
10.3. Lower the actuator to its bottom position.
10.4. Turn knob 4  clockwise until it is finger tight.
10.5. While holding the top half o f  the specimen in the upper wedge grip, turn knob 3 
clockwise until it is loose. The upper wedges will separate and the specimen 
will fall out.
10.6. Turn knob 2 clockwise until it is finger tight.
10.7. While holding the bottom half o f  the specimen in the lower wedge grip, turn 
knob 1 clockwise until it is loose. The lower wedges will separate and the 
specimen can be removed.
11. Test Additional Samples
11.1. Repeat steps 3-10 if  you want to test more samples. If you are done testing 
samples go to step 1 1.2 .
11.2. Close the Tensile Test Template by left-mouse clicking the yellow , blue, and 
black button at the upper left com er o f  the Testware-SX window and selecting 
the close’ option.
4 .1.4. Shutdown Procedure.
I . Hydraulics O ff Sequence
1.1. Turn o ff  the Hydraulic Service Manifold by pressing the Low ’ HSM  button 
and then the 'o fT  HSM  button on the POD.
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1.2. Turn o ff  the Hydraulic Power Supply by pressing the 'L ow ' HSM button and 
then the 'o fF  HSM  button on the POD.
2. Software O ff Sequence
2.1. C lose Testware-SX by selecting 'E x it' from the file menu.
2.2. Close TestStar by selecting Exit' from the file menu.
2.3. A window will appear asking if you want to save the current TestStar 
configuration. Click NO. The configuration has not been changed so there is no 
reason to save it. It takes several minutes to save a Teststar configuration and 
there is no reason to do so.
4 .2 .Instron Dynatup Testing Procedure
In order to conduct a set o f  tensile tests at moderate strain rates and obtain quality 
data a testing procedure meeting all the requirements o f quality assurance departm ent had 
to be developed. This chapter presents the final sequence o f  com mands that was 
developed for the experimental part o f  the project that involved operation o f  Instron 
Dynatup 8250 test machine and its data acquisition software 930-1. [27]. [28]. and [29]
4 .2 .1. Using the Dynatup 930-1 data acquisition software
I . Pow er up sequence
Power up the 930-1 system in the following sequence:
a. Instron Dynatup 8250 machine
b. Pneumatic Rebound Brakes
c. Environmental C ham ber Control M odule
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d. Signal Conditioner
e. Com puter
However, there are sensitive am plifiers connected to the channel inputs found on the 
back o f  the Signal Conditioning (SC) Unit. W henever a connecting cable is to be 
removed or replaced, power to the SC Unit must be disconnected by unplugging the 
power supply cord at the pow er supply.
2. G lobal system settings
There are a number o f  higher-level system settings that are associated with hardware 
com munication o r software look and function. The settings options are located in the 
File menu.
3. Setting up “Configuration” menu.
3 .1. Set A/D board to “single” .
3.2. Set A/D address to “200” .
3.3. Set SC unit port according to the port o f  connection: it is either Com  1 or Com2.
3.4. Set File path to actual directory pathways on local PC drives o r com pany 
network drives.
3.5. After completing the settings in Configuration dialog window check the 
installation to verify that the 930-1 software is com municating with the A/D 
board and the SC Unit.
4. Configuring “Setup” menu
4 .1. Assign a  title o r brief description o f  the test in the “Description” w indow; it will 
help later to identify the setup.
4.2. Choose “Tow er” in the test type.
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4.3. Input the total weight o f  falling crosshead (weights, tup, bolts, etc) in the 
“H am m er weight” window.
4.4. Select 5 msec time range in “Tim e range” window.
4.5. C hoose “flag” in the trigger mode section.
5. Setting up “Channel I” menu
5.1. Select “Tup” in the Signal source window.
5.2. Select 4 KHz frequencies in the Filter window
5.3. Input the value o f  maximum load for the tup in the “M axim um  load” window. 
This is 5000 lb. For our tup
5.4. Input the value o f  a calibration factor that must be taken from the calibration
sheet o f the load cell according to the load range selected below. The load
ranges on the calibration sheet are different from the load ranges shown in the 
software. Choose the calibration factor that coincides with the closest load range 
on the calibration sheet.
5.5. Input the value o f  the load range.
5.6. Leave other options with the default selections.
6 . Setting up “Channel 2” menu
Channel 2 is set to “o f f ' unless o ther data acquisition device is used.
7. Save all the settings exit the setup and configuration menus.
4.2.2. Installation and Uninstallation o f  Impact Specimen.
Specim ens are placed in individual labeled containers. The user m ust not have more
than one specim en out o f  containers a t the sam e tim e. A fter a specim en is tested, it should
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be placed in a container with notes indicating date, material, sam ple num ber, and other 
relevant information needed for future identification.
I . Installing the specimen
1.1. Move the cross head upward by pushing and holding in “UP” button on the 
control panel while testing machine is set in the "M anual mode” .
1.2. Open the glass door o f  the testing machine and install “H” safety bar.
1.3. Screw one end o f  the specim en in the "transm itter” part o f  the fixture.
1.4. Insert the free end o f  the specim en in the round opening o f  the "holder” and 
attach an "Insert" part o f  the fixture to the free end o f  the specim en.
1.5. Position the "Insert” in the "H older" so that "transm itter will be perpendicular 
to the side walls o f  the testing machine.
1.6 . Uninstall the "H" safety bar and close the door.
1.7. Lower the cross head till the striker rests on the transm itter
1.8 . Loosen the two screws o f  the velocity detector to align the lower edges o f  the 
velocity detector and the flag (Figure 4-3). Ensure that the velocity detector is 
horizontally aligned with the flag using a level. Tighten the two screw s again.
1.9. Raise the crosshead to allow reinstallation o f  the "H” safety bar.
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Velocity Detector Block Double Edge Flag
(Side View) (Front View)
Alignment Plane o f the Velocity Detector Block and the Flag.
Figure 4-3 Flag -V elocity  Detector Alignm ent Setup
2. Uninstalling the specimen
2.1. Move the cross head upward by pushing and holding in "UP” button on the 
control panel while testing machine is set in the "M anual mode”.
2.2. Open the glass door o f  the testing machine and install "H” safety bar.
2.3. Remove the "Transm itter” and the "Insert” parts o f  the fixture from the working 
area.
2.4. Uninstall the "H ” safety bar and close the door.
2.5. Remove the parts o f  the broken specim en from the "Transm itter” and "Insert”.
2.6. Follow the "Installation” section to continue with the next test
4.2.3. Operating The Instron Dynatup 8250-1.
Instron Impact test machine can be operated in both gravity-driven and pneum atically 
assisted modes the project. In the gravity mode, you can drop the crosshcad from any
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height in manual o r automatic mode. W hen gravity mode operation is automatic, the hoist 
returns the crosshead to the position o f  the height lim it magnet mounted on the height 
scale.
1 To operate the 8250 machine in gravity-driven manual mode:
1.1. Attach the desired weight to the crosshead.
1.2. Set the top control pendent switches to MAN and GRAV. If pneum atic clam p is 
installed, set the clamp on/off switch to ON.
1.3. Remove any tools, other foreign objects, and the safety “H” bar from the 
enclosure and close the doors. The ARM  button illuminates.
1.4. Position the crosshead at the desired height using UP and DOWN buttons.
1.5. Press and hold the ARM button. The audible alarm sounds and the pneum atic 
clam p (if  installed) closes.
1.6. W hile still holding the ARM button, press the FIRE button. The latch hook 
opens allowing the crosshead to fall and strike the specimen.
1.7. Press the DOWN button to retrieve the crosshead. The latch m echanism  stops 
autom atically and engages the crosshead.
1.8 . Press the "UP” button to raise the crosshead to the desired height.
1.9. Insert the safety "H ” bar and remove the specimen.
2 To operate the 8250 machine in gravity-driven autom atic mode:
2.1. Attach the desired weight set to the crosshead.
2 J .. Set the control pendent switches to AUTO. G RAV and. if  a pneum atic clam p is
installed, set the clamp O N /O E f sw itch to ON. W hen the AUTO sw itch is
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pressed, the crosshead automatically rises to the height determ ined by the 
magnetic switch.
2.3. Set the pneum atic assist air pressure using the regulator on the top o f the rear 
motor enclosure.
2.4. Remove any tools, other foreign objects, and the safety "H” bar from the 
enclosure and close the doors. The “ARM” button illuminates.
2.5. Press and hold the “ARM ” button. The audible alarm sounds
2.6. W hile still holding the ARM button, press the “ FIRE”  button. The latch hook 
opens allowing the crosshead to fall and strike the specim en.
2.7. The latch assembly automatically retrieves the cross head and raises it back to 
the height o f  the magnetic switch.
2.8. Insert safety “H” bar.
2.9. Remove the specimen.
If the machine is used in the pneumatically assisted mode, the crosshead is 
pneumatically accelerated to higher velocities than what can be achieved in the gravity 
driven mode. The crosshead must be in the top position for pneum atically assisted drops. 
As a result, when pneum atic mode operation is automatic, the hoist returns the crosshead 
to the top position. W hen the cross head is pneum atically assisted, one can operated the 
Model 8250 either manually o r autom atically. Please rem em ber to install the “H” bar to 
prevent the crosshead from falling before working within the safety enclosure. The shock 
absorber assemblies must be installed when operating the pneum atically assisted mode.
3 To operate the 8250 testing machine in pneum atically-assisted manual mode:
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3.1 Attach the desired weight set to the crosshead. Do not accelerate 50 lb. (22.7 
kg), 75 lb. (34 kg) or 100 lb. (45 kg) crosshead to velocities above 14.5 ft/s (4.4 
m/s).
3.2 Set the top control pendent switch to M AN and PNEU. If the pneumatic clamp 
is installed, set the clamp ON/OFT switch to ON.
3.3 Set the pneumatic assist air pressure using the regulator on the top o f  the rear 
m otor enclosure.
3.4 Using the UP button, raise the crosshead to the top position.
3.5 Remove any tools, other foreign objects, and the safety "H” bar from the 
enclosure and close the doors. The ARM button illuminates.
3.6 Press and hold the ARM button. The audible alarm  sounds.
3.7 W hile still holding the ARM button, press the FIRE button. The latch hook 
opens allowing the crosshead to fall and strike the specimen.
3.8 Press the down button to retrieve the crosshead. The latch mechanism stops 
autom atically and engages the crosshead.
3.9 Press the UP button to raise the crosshead to the desired height.
3.10 Insert safety “H” bar and remove the specimen.
4 To operate the 8250 testing machine in pneum atically-assisted automatic mode:
4.1 Attach the desired weight set to the crosshead. Do not accelerate 50 lb. (22.7 kg), 
75 lb. (34 kg) o r  100 lb. (45 kg) crosshead to velocities above 14.5 ft/s (4.4 m/s).
4.2 Set the top control pendent switches to AUTO, PN EU  and, if  a pneumatic clam p is 
installed, set the clam p ON/GET switch to ON. N ote that when the AUTO button is 
pressed, the crosshead automatically rises to the top position.
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4.3 Set the pneum atic assist air pressure, using the regulator on the top o f  the rear 
m otor enclosure.
4.4 Remove any tools, other foreign objects, and the safety "H ” bar from the enclosure 
and close the doors. The ARM button illuminates.
4.5 Press and hold the ARM button. The audible alarm  sounds.
4.6 W hile still holding the ARM button, press the FIRE button. The latch hook opens,
allowing the crosshead to fall and strike the specim en.
4.7 The latch assem bly automatically retrieves the crosshead and raises it back to the 
top position.
4.8 Insert safety “H” bar.
4.9 Remove the specimen.
4.2.4. Conduction o f an impact test using 930-1 Software
Start the program by selecting its logo from the desktop screen o r by selecting a short 
cut from the “Start” program tree. When the 930-1 interface appears on the screen follow 
the following steps:
1. Choose “Run the test” command by either clicking on appropriate button o r by 
following the com m and menu.
2. M ake sure the nam e o f  the previously created setup is chosen.
3. Choose “ 1 ” in the number o f  test to run.
4 . Choose “N EW ” in the “Save results to Batchset” window.
5. Choose sequence if  there is a  particular one created. O therwise stay with the 
default.
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6 . C lick “OK”. It will bring up the new Batchset dialog box. Assign a nam e to the 
batch set.
7. Click “OK” .
4.2.5. D ata M anipulation.
W hile the data acquisition system is able to collect data, its ability to m anipulate the 
data is fairly limited. Once an experim ent is conducted, data will be transferred to Excel. 
The data may be transferred to other software packages for further manipulation if 
needed. Data transfers must be verified for accuracy. Control o f  com puters and 
equipm ent containing data as well as safekeeping and security o f  data will be 
accom plished in accordance with QAP-3.1. “Control o f  Electronic Data.”
1. Format” will appear. Choose “curve detail.”
2. A window titled “Export to File” will appear. Choose “*.exp” format and name the 
file. The file should be given a name that includes the test specim en unique 
identification number.
3. Click “OK” to save the data
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CH A PTERS
DATA ANALYSIS PROCEDURE
This chapter presents a  procedure for handling o f  the data acquired using data 
acquisition software o f  MTS and Instron Dynatup testing machines. This procedure 
consists o f a num ber o f steps that uses a raw data tile as an input data and gives a set o f 
mechanical properties o f  the tested material, specified in the section 1.5. as an output 
result. The set o f  the procedures presented in this chapter is divided into tree sections. 
The first section addresses data handling steps that are com m on sim ilar for the two 
machines. Sections two and three represent data handling procedures that are specific for 
each machine.
5.1. Preliminary steps o f  the data handling
Some preliminary steps o f  the data handling process are suitable for both MTS 
tensile/torsion testing m achine and Instron Dynatup 8250 drop weight tow er impact test 
machine. This section o f  the procedure includes measuring o f  the specimen after the test, 
data transfer, verification o f  data, and initial data m anipulation.
92
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5 .1 .1. M easurem ent o f  the specimen
After com pletion o f  the test, the specimen is removed from the fixture. The specimen 
fragments are then m ated along the fracture surface and fixed in a soft medium such as 
play dough o r m olding clay. Reconnected specim en is used to take two dimensions: total 
length o f  the specim en and the smallest final diam eter o f  the specimen in the necked 
region near the fracture surface. Obtaining these m easurements allows calculation o f  the 
total elongation and reduction o f  cross sectional area o f the specimen using equations (5- 
1 ) and (5-2) accordingly.
I , — I ,
e , = ^ - ^ 1 0 0 %  (5-1)
where /„ and stand for the original and the final gage lengths o f the specimen.
A — A.
S , = — ------ - 1 0 0 9 c  (5-2)
A,
where A,, and A; stand for the original and the final cross sectional areas o f  the specimen 
measured within the gage o f  the specimen,
5.1.2. Data transfer
After com pletion o f  the experiment the data file is imported to the M icrosoft Excel 
software for the processes o f  data analysis and evaluation. At this stage it is necessary to 
ensure that all the data entries were recognized correctly by the software. To verify 
accuracy o f  the data transfer process the following steps are taken:
1. All the cells containing measurements are highlighted and specified as “Num ber” 
entries in the ‘Form at cell* menu com m and. This assures that all the valuable data
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are recognized as num bers and mathematical operations can be safely carried out 
without possibility o f  losing recorded data.
2. Visual inspection o f  the exported file information is carried out. This assures that 
there are no any corrupted entries.
3. A num ber o f curves, such as. load verses time, load verses displacem ent and 
velocity verses tim e o r energy verses time are plotted and checked for anomalies 
by visual inspection. This step assures that there are no data points with 
inconsistent values.
Accurately transferred and checked data tile is then saved w ith the unique identification 
num ber identical to the one o f  the tested specimen.
5.1.3. Initial data m anipulation
The data tiles have the following columns o f  data:
a. Columns corresponding to load, displacement and tim e in MTS data file
b. Colum ns corresponding to load, deflection, time, energy and velocity in Instron 
data file.
Rows containing negative values o f  the measurements, except for the two rows located 
before and after the positive load measurements are elim inated. This allow s decreasing a 
num ber o f  points to ones that specifically corresponded to the test result and removing 
numerous data points that represent the signal in the load cell before actual specimen 
loading o r after the fracture o f  the specimen. Reduced data file is then used to calculate a 
num ber o f  such characteristics as engineering strain, engineering stress, strain rate and 
average strain rate. A ppendix D. Upon completion o f  these calculations an engineering
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stress-sirain curve is plotted. An exam ple o f  the stress-strain curve created using data 
obtained on MTS test m achine is shown in the Figure 5-1. An exam ple o f  the stress-strain 
curve created using data obtained on Instron test machine is shown in The Figure 5-2.
. xIO^
5 3 — 
! . .
I
0 -
Engneenng Stress-Strajn Curve M 7T
6 -
s i
0 0 5 0  1 0 1 5  0 2  0 25
Engineenng Strain iin^ni
0 3  0 3 5
Figure 5-1 Engineering Stress-Strain Curve #07T
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Figure 5-2 Engineering Stress-Strain Curve #04T
5.2. MTS tensile test results
During initial stage o f  testing, materials were tested at strain rates in the range from 
I0“* to 6  sec '. These tests were conducted to evaluate the procedure o f  material testing 
using MTS test machine, define an adequate strain rate range o f  testing, and evaluate the 
accuracy o f  the results.
5.2.1. General O bservation for the MTS test results.
During the initial stage o f  testing a num ber o f  observations were made.
I. It was noticed that the average strain rates o f  the tests were proportional to the 
velocities o f  the actuator up to the strain rate o f  about 1 sec'* for all o f  the
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materials tested. Further, at e > I sec ’, the ratio o f  its value to velocity o f  the 
actuator began changing. It was also noticed that as the strain rate o f  testing 
increased, the sm allest possible increment o f  data collection 0 .0 0 2  seconds 
resulted in collecting only few points, which provided inadequate representation 
o f  the mechanical properties o f the tested material. Changing ratio between 
average strain rate and velocity o f  the actuator meant that the resistance o f  the 
material and slack in the test machine did not allow the actuator to reach specified 
velocity instantly causing the strain rate to change significantly throughout the 
entire test. Based on the above-described observations, it was decided to limit the 
maximum strain rate o f tensile testing to approximately 1 sec ’.
2. The portion o f  the curve that represented plastic region o f  material behavior 
exhibited noise in the load signal (see Figure 5-1). This low magnitude noise 
differed slightly depending on the material and the strain rate o f  the testing. 
Comparison o f  the consecutive local maximum and minimum o f  the load readings 
showed that the difference between those points was insignificant reaching a few 
fractions o f  the percent. A lso, com paring ultimate strengths o f  the material 
specified by the sample providers showed very close values with the ones, 
com puted using the maximum load readings o f  the MTS data acquisition 
software. Based on this finding, the processes o f  fitting o f  the data that 
corresponded to the plastic range o f  material behavior becam e unnecessary.
3. The slope o f  the linear section o f  the engineering stress-strain curve that 
corresponds to the elastic behavior o f  the material was a  few orders o f  magnitude 
less than the known values o f  modulus o f  elasticity. Existing slack in the drive
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mechanism o f  the MTS tensile machine as well as preloading o f  the machine and 
fixture com ponents was responsible for a low slope value o f  the linear section o f 
the curve that corresponded to the elastic region o f material behavior.
4. Total strain com puted using the data collected by the LVDT o f  the MTS tensile 
machine was different from the actual final elongation o f  the specim en. The 
difference between the values o f  final elongation o f  the specimen and the values 
acquired by the data acquisition software varied with material and strain rate. 
.A.lthough final elongation recorded by the software was close to the final 
elongation m easured, low slope o f  the curve portion representing elastic region o f 
material behavior suggested that data acquisition system was collecting 
displacement values inaccurately. The inaccuracy o f  the recorded displacem ent 
may be explained by the fact that data acquisition software uses only the 
com pliance o f  the machine frame in correcting the reading o f  the LVDT. The 
com pliance o f  the test fixture could not be incorporated in the software and had to 
be dealt with in the data handling procedure.
Taking into account existing faults in the data, a new data handling procedure was 
design to acquire accurate values o f  the mechanical properties o f  the tested materials
5.2.2. MTS data handling steps
Taking into account low percentage o f  load reading variations, ultimate strength o f  
the material was com puted using m aximum load recorded by the data acquisition 
softw are o f  the M TS tensile machine.
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Based on the assumption that there was a relation between the low value o f  the slope 
o f  the elastic region and a  great value o f  the final elongation the elastic region o f  the 
curve was modified. Knowing that the modulus o f  the elasticity o f  the material was strain 
rate insensitive [9] it was decided to replace the portion o f  the curve representing elastic 
region by a line with a slope equal to the known modulus o f  the tested material.
To implement this approach, the yield strength o f the material had to be determined. 
Having inaccurate representation o f  the elastic region it was not possible to use the 
standard ASTM  procedure o f  yield determination, which identifies yield strength as an 
intersection point o f a 0.2 percent offset line drawn parallel to the linear segment o f  the 
curve representing elastic region o f  material behavior on the stress-strain curve. In case o f 
MTS testing the same value o f  offset could not be used since a portion o f  the graph 
representing elastic region o f  material behavior appeared to be stretched along the strain 
axis to a different degree varying with the material type and the strain rate.
The process o f  yield determ ination was designed based on the fact that the stress- 
strain curve corresponding to the elastic region and representing a relatively smooth line 
with great slope values was followed by a curve with a  considerable drop in the slope 
magnitude value. This observation allowed obtaining elastic limit o f  the material using 
process o f  differentiation. In order to simplify the process and elim inate affect o f  the 
noise in the signal, the portion o f  the curve used for the analysis was fitted by the ô'** 
order polynomial curve. Figure 5-3 shows an exam ple o f  such fit for the stress strain 
curve portion o f  titanium  specimen.
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Figure 5-3 Fitted Verses Actual Portion o f  Engineering Stress-Strain Curve #07T
Using the curve representing second derivative o f data presented in Figure 5-4. it was 
determ ined that the average o f  strain at the first local minimum and the second local 
maximum o f the curve corresponded to the strain o f  the yield strength o f  the material. 
Figure 5-4.
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Figure 5-4 Second Derivative o f the Stress-Strain Portion #07T
Upon obtaining the yield strength the strain that corresponds to it was redefined using 
known relation between stress and Y oung's modulus o f  elasticity:
cr
£  =  —  
E
(5-3)
Thus strain at yield established a needed reference point for shifting the rest o f  the stress- 
strain curve and modifying the entire range o f  strain values.
5.2.3. Composite curve
Upon com pletion o f  data handling process and determination o f  the yield strength and 
strain corresponding to it, a com posite engineering stress-strain curve was created. A 
com posite curve fo r the MTS test result consisted o f  two segments.
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L Segm ent was a straight line that started from (0,0) and ended at (Sy/E, Sy).
2. Second section o f  the curve was represented by the data points starting from the 
yield strength and ending at the last relevant data point acquired by the data 
acquisition software.
Strain values were shifted by the value equal to the difference between strain at yield 
determined from the equation (5-7) and strain at yield acquired by data acquisition 
software o f  MTS test machine. An exam ple o f  the com posite curve is shown in 
Fisure5-5.
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Cocnposite Engineenng Stress-Strain Curve S08T
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l  '
L .
005 0.1 0.15 0.2
Engineenng Strain iin/ln)
0.25 0.3 0.35
R gure 5-5 Com posite Engineering Stress-Strain Curve #08C
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5.2.4. Verification of the results
Verification o f  the results acquired by creating the com posite curve consists o f 
com paring the final elongation o f  the com posite curve with the actual final elongation o f 
the specimen. It is required that the absolute value o f  strain difference does not exceed 
ten percent.
5.3. Instron tensile test results
The objective o f  the first sets o f  tests was to evaluate the procedure for moderate 
strain rate testing using Instron Dynatup. identify the most suitable setup o f  the 
experim ent and evaluate the accuracy o f  the obtained results.
5.3.1. General Observation o f  the Instron test results.
During the initial stage o f  testing a num ber o f  observations were made.
1. It was noticed that load readings recorded by the data acquisition software o f  the 
Instron Dynatup impact machine showed two different types o f  noise.
a. Single-peak wave that occurs at low stress values, usually took place before 
the portion o f  the curve representing elastic region.
b. W ave-type noise that took place at higher values o f  stress and ran 
throughout the entire plastic range. It had magnitude dependent on the strain 
rate and material tested.
Noise exhibited an increase in m agnitude as the strain rate increased and had 
higher m agnitudes for softer materials o f  lower strength and rigidity. The 
magnitude o f  the wave increased as strain rate increased.
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Although wave propagation analysis is beyond the scope o f  this work, 
sim plified study shows that noise in the signal may be attributed to the elastic 
wave propagation through com ponents o f  the test machine and the fixture. 
Appendix E.
2. Sim ilar to the MTS tensile test results, the slope o f the linear curve that 
represented elastic region o f  material behavior appeared to be a  few orders o f  
magnitude lower than the known values o f  Young’s M odulus for the tested 
material. This observation can be explained by the fact that during preloading 
stage o f  the test data acquisition system  measures some displacem ent in the 
fixture.
3. The total elongations, acquired by data acquisition software, were also greater 
than the actual values com puted based on the measurements o f  the broken 
specimen. Sim ilar to the MTS test results, unrealistic representation o f  the elastic 
region o f  material behavior had an affect on the measurement o f  the total 
elongation.
5.3.2. Instron data handling steps
Inaccurate displacement measurement o f  the Instron data acquisition system  allowed 
using an approach o f  curve modification sim ilar to the one used for the M TS test data. 
However, the sequence o f  steps needed to reach this curve was somewhat different.
1. The midpoints o f  the plastic region w aves were determined by averaging each two 
consecutive extreme points.
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2. Yield strength o f the tested material was determined by averaging low er and 
upper boundaries o f  the yield strength region. Sim ilar to the MTS procedure 
derivation was used to evaluate the data segment corresponding to the 
elastic/beginning o f  the plastic region o f  material behavior. The portion o f  the 
curve used for the analysis and fitted by the 6 '*' order polynomial curve is shown 
in Figure 5-6. The global m axim um  o f the first derivative o f  the fit curve 
corresponded to the point o f  the stress-strain curve with maximum slope value o f 
the investigated stress-strain curve portion. The point o f  the maximum slope value 
that could exist at different strains and depended not only on material but also on 
strain rate represented the lower boundary o f  the yield strength region. Figure 5-7.
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Figure 5-7 First Derivative o f  The Stress-Strain Portion #04T
The upper boundary was determined by averaging the values o f  the first two extrem e 
averages At this point the average o f  the upper and lower yield strength boundaries 
was com puted and accepted as yield strength o f  the material. Determination o f  the 
yield strength was followed by redefining strain corresponding to it using equation (5- 
3).
3. Ultimate strength o f  the tested material was determined by selecting the 
maximum average from a num ber o f  values com puted in the initial stage o f  the 
data handling process.
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Figure 5-8 Creation o f  the Com posite Curve for the Instron Test Results
5.3.3. Com posite curve
Upon com pletion o f  data handling process and determination o f  the yield strength and 
strain corresponding to it along with the average values o f  the isolations in the load 
readings a com posite curve was created. A com posite curve for the Instron test result 
consisted o f  three segments.
1. Segm ent was a straight line that started from (0.0) and ended at (Sy/E. Sy)
2. Second section o f  the curve was represented by the set o f  data points obtained by 
averaging the extrem e points o f  the isolations.
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3. Third segm ent o f the curve consisted o f  the data points collected by the data 
acquisition software, w hich were added starting from the last average value and 
ending at the last relevant data point.
Composite Engineenng Stress-Strain Curve M4T
I  3^
LU
0 0 5 0.1 0 15 0.2 0.25
Engineenng Strain iirulni
0.3 0 3 5
Figure 5-9 Com posite Engineering Stress-Strain Curve #04T
5.3.4. Verification o f  the results
Verification o f  the results acquired by creating the com posite curve using the data 
collected by the data acquisition softw are is done sim ilar to the M TS results verification. 
It consists o f  com paring the final elongation o f  the com posite curve with the actual final 
elongation o f  the specim en. It was required that the absolute value o f  strain difference did 
not exceed ten percent.
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CHAPTER 6
RESULTS
This chapter presents test results obtained using MTS tensile/torsion and Instron 
Dynatup impact test machines. All tests were carried out according to the testing and 
procedures described in chapters 4. Data handling was performed according to the data 
handling procedure presented in chapter 5. Three candidate materials described in chapter 
2 were tested at a num ber o f  different strain rates. Results presented in this chapter show 
change o f  the mechanical properties o f  materials depending on the strain rate o f testing.
6.1. Stainless Steel 316L
A num ber o f  eleven tensile Stainless Steel 316L specim ens were tested to acquire 
mechanical properties o f  this material at low and moderate strain rates. The following 
figures present summarized results showing experimental results obtained during testing, 
average results fitted with the pow er trendline and also test results fitted with pow er 
trendine presented in [9].
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Table 6-1 Legend for Stainless Steel 316L Results Figures
no
Symbol Presented Result
O
Stainless Steel 304 data points [9]
Fitted Curve o f  Stainless Steel 304 data points 
Stainless Steel 3 16L data points 
A verage Values o f  Stainless Steel 3 16L data points 
R tted  Curve o f  Stainless Steel 3 16L data points
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Figure 6 - 1 Change o f  the Yield Strength w ith Strain Rate (Steel)
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Figure 6-2 Change o f  Ultimate Strength with Strain Rate (Steel)
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R gure  6-3 Change o f  Sy/Su Ratio w ith Strain Rate (Steel)
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Figure 6-5 Change o f  the Final Strain w ith Strain Rate (Steel)
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Figure 6-6 Change o f  Strain at Ultimate Strength with Strain Rate (Steel)
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Figure 6-8 Change o f  Final Engineering Strain Error with Strain Rate (Steel)
6.2. Titanium alloy Grade 7
A number o f  fifteen tensile Titanium  alloy Grade 7 specimens were tested to acquire 
mechanical properties o f  this material at low and moderate strain rates. The following 
figures present summarized results showing experimental results obtained during testing, 
average results fitted with the pow er trendline and also test results o f  Ti 6AI-4V fitted 
with pow er trendine offered in [9].
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Table 6-2 Legend for Titanium AHov Grade 7 Results Figures
Symbol
O
Presented Result
Titanium  Alloy 6A1-4V data points [9]
Fitted Curve o f  Titanium  Alloy 6A1-4V data  points 
T itanium  A lloy G rade 7 data points 
A verage Values o f  Titanium Alloy Grade 7 data points 
Fitted Curve o f  Titanium  Alloy Grade 7 average data points
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R gure 6-9 Change o f  the Yield Strength with Strain Rate (Titanium)
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Figure 6-10 Change o f  the Ultimate Strength with Strain Rate (Titanium)
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Figure 6-12 Change of Area Reduction with Strain Rate (Titanium)
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Figure 6-13 Change o f  the R nal Strain w ith Strain Rate (Titanium)
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Figure 6-14 Change o f  Strain at Ultimate Strength with Strain Rate (Titanium)
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Figure 6-16 Change o f  the Final Strain Error with Strain Rate (Titanium)
6.3. Alloy C22
A num ber o f  eighteen tensile Alloy C22 specim ens w ere tested to acquire mechanical 
properties o f  this material at low and moderate strain rates. The following figures present 
summarized results showing experimental results obtained during testing, and average 
results fitted with the pow er trendline.
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Table 6-3 Legend for Titanium Alloy C22 Result Figures
Symbol Presented Result
O Alloy C22 data points• Average Values o f  Alloy C22 data points
------ Fitted Curve o f  Alloy C22 average data points
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Figure 6-17 Change o f  the Yield Strength with Strain Rate (Alloy C22)
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Figure 6-20 Change o f Area Reduction with Strain Rate (Alloy C22)
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Strain Rate - Strain at Ultimate Strength (C)
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Figure 6-24 Change o f  the Final Strain Error with Strain Rate (A lloy 22)
6.4. Discussion and com parison o f  the results
Results for the Stainless Steel 316L and Titanium A lloy G rade? were presented 
along with mechanical properties o f  materials from the same material groups. Mechanical 
properties o f  Stainless Steel 304 [9] were plotted along side with the investigated 
Austenitic Stainless Steel 316L. Similarly: mechanical properties o f  Titanium  Alloy 6AI- 
4V  [9] were added to the charts with test results obtained by testing Titanium Alloy 
Grade 7. Although the two metals used in comparison have different chemical 
com position, heat treatment, and were manufactured from a different stock, the change o f 
properties followed sim ilar pattern. This similarity serves as an additional way to verify 
the experim ental procedure and results o f  this study.
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In most cases, test results obtained at the same strain rates w ere generally consistent. 
Inconsistency in the results for the data obtained from MTS test machine could be due to 
the following factors
1. Noise in the signal at lower strain rates o f  testing had greater affect on the final 
results.
2. Inaccurate representation o f  the elastic region o f  material behavior did not allow 
usage o f  the standard method o f  yield strength determ ination. Proposed procedure 
showed som e dependency on the noise level in the signal causing slight deviation 
in the mechanical properties obtained from identical test setups
Inconsistency in the results for the data obtained from Instron test machine could be due 
to the following factors
1. S im ilar to the data obtained from MTS test machine, inaccurate representation o f 
the elastic region o f material had som e contribution to the scatter paten o f  the data
2. Design o f  the Instron Dynatup drop weight impact test machine made it difficult 
to conduct identical tests, since lifting o f  the tup was control manually. Adding a 
software feature that would allow specifying desirable position o f  the tup in the 
test setup settings can elim inate this disadvantage.
3. Not having a procedure that would pinpoint the yield strength o f  the material from 
the set o f  the data had some affect on the consistency o f  the final results.
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C H A P T E R ?
CONCLUSIONS AND RECOM ENDATIONS
?. I . Conclusions.
Literature review showed that there were not a lot o f  research results available on
moderate strain rate tensile testing, O.I sec ' < e < 200 sec '. Different publications 
highlighted a number o f  disadvantages and limitations o f  the existing testing techniques 
including inaccuracy o f the data, com plicated process o f  its processing and inability to 
cover broad ranges o f  test conditions.
Previously done research in low and moderate strain rate testing, did not provide 
sufficient data on mechanical properties o f  many materials. All three-candidate materials 
o f  the project. Stainless Steel 3 I6 L . Titanium  Alloy Grade? and Alloy C22. did not have 
their mechanical properties docum ented at moderate strain rates.
This extended range o f  strain rate was not possible to study using a single test 
machine. Based on the estim ated energy and load required to break a specim en, chosen 
according to the few available references, two test machines were selected. MTS 
axial/torsion test machine was chosen to conduct low strain rate tensile test. Instron 
Dynatup drop weight tow er test machine was chosen to carry out tensile testing at 
moderate strain rates.
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To carry out experiments using selected equipm ent two specimen supporting fixtures 
were designed and manufactured. Tw o part specim en-supporting fixture was used for the 
low strain rate testing. A fixture consisting o f  a sample supporting part and an impact- 
transm itting pat was used for the m oderate strain rate testing.
Setup hardware was extensively used for the evaluation o f  the most suitable test 
arrangem ent. Numerous initial tests were used to write and evaluate testing procedures 
for low and moderate strain rate testing, which was then used to conduct a num ber o f  
quality tests.
Initial tests results were used to evaluate the data and optimize the sequence o f  steps 
that would lead from a set o f raw data points collected by the data acquisition system to a 
set o f mechanical properties o f the tested materials.
Results o f  the experiments w ere collected and compared with the data available for 
the materials from the same group o f alloys. It appeared that despite tie differences 
am ong the com parable metals, experim ent results showed sim ilar behavior verifying 
validity o f  the techniques used for testing and data handling.
7.2. Recommendations
Having some difference in the test results conducted at sim ilar test conditions the 
following recom mendations are suggested
•  It is necessary to conduct more tensile tests on both MTS and Instron Dynatup test 
machines at different strain rates to select the most consistent test results for 
reporting the general material behavior
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•  It is important to conduct additional series o f  testing using o ther materials. This 
additional information will provide data for further enhancem ent o f  the 
experim ent procedures and will help to choose a material for the nuclear waste 
package with the most suitable m echanical properties.
•  To create an optimal design o f  the package subjected to loading at different 
tem perate, it is essential to evaluate changes in material perform ance at those 
conditions. Tensile testing at elevated temperature would provide additional 
information regarding mechanical properties o f  materials under different 
conditions o f  loading.
•  Running finite element analysis o f  the model using obtained data would serve as 
an additional verification o f this study results
•  Impact test o f a model o f  nuclear waste package to verify findings o f  the research.
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APPENDIX A
THREADED CYLINDRICAL TENSILE SPECIM EN
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APPENDIX B
MTS TENSILE FIXTURE
131
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MTS Tensile Fixture Specification
132
# Name Drawingposition Material Quantity
Description
I G uide plate 3 Alum inum  (Plate) 2 -
2 Low er H older I Steel 1045 (A nnealed Round Bar) 1 -
3 U pper Holder 2 Steel 1045 (Annealed Round Bar) 1 -
4 Screw 4 Standard 4 8-32 UNC
5 Specimen 5 Varies 1 1/4-20 UNC
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APPENDIX C
INSTRON TENSILE FIXTURE
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Instron Tensile Fixture Specification
138
# Name Drawingposition Material Quantity
Description
I Adapter 5 M achined from the Standard Bolt 1 3/4 -2 0  UNC
2 Base 1 Steel 1045 (Annealed Round Bar) I -
3 Column 2 Steel 1045 (Annealed Round Bar) 4 -
4 Holder 3 Steel 1045 (Annealed Round Bar) 1 -
5 Insert 7 Steel 1045 ( Annealed Round Bar) 1 -
6 Specimen 8 Varies 1 -
7 Striker 4 Steel 1045 (Annealed Round Bar) I -
8 Striker's Nut 6 Machined from the Standard Nut I 1 /4 -2 0  UNC
9 Transm itter 9 Steel 1045 (Annealed Round Bar) 1 -
10 Nut 12 - 8 1 /4 -2 0  UNC
11
Locking
W asher II - 8 -
12 W asher 10 - 4 -
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APPENDIX D
DEFINITIONS
147
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1. Engineering Strain
Engineering Strain is defined as the ratio of the difference between original gage 
length and deformed gage length to the original gage length.
/
2. Engineering Stress
Engineering Stress is defined, as the ratio of the load to the original cross sectional 
area it is applied to.
s ^ - L
'i.
3 Average Strain Rate
Average strain rate is defined as the average value of the strain rate calculated for the 
entire duration of the test
4. Velocity of the elastic wave propagation
Velocity of the elastic wave propagation is equal to square root o f the Young's 
Modulus of the material to its density ratio.
={E! p)z
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APPENDIX E
W AVE PROPAGATION ANALYSIS
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Elastic wave propagation through components o f  the fixture and elem ents o f  the test 
machine was analyzed com paring time periods o f  the wave-type noise in the signal with 
periods o f  elastic w ave travel through the load gage.
Comparison o f  the signal peaks o f  the wave-type noise show ed that the period o f  
isolations was independent on the strain rate and had very slight dependency on the 
material tested. A below given table presents time periods o f  isolations for three 
candidate m aterials tested.
Stainless Steel 316L Titanium Alloy Grade 7 A lloy C22
1.53 1 0 - 'sec 1.70 lO-'sec 1.63 10-' sec
»10 Ervneermg Stress-Time Curves of Tittmum Aloy Grace f
C- 
1 0 -  
I  a-
L-
0 - /■
Average Snan Rate 164 42 i/sec 
  Average Strain Rate 71 9 7 1/sec
Time (msec)
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Engmeenng Stress-Time Curves of ttvee camUOate matenals
18'------
16i-
1 ; 1 ' ■
-
14 h -■
12K 1 4 1 1 1 -
I ' i '; i o -
1 . 1
=
I • ''
1 !
| 6 . -
tu
4H -
2r -
0-
Stainless Steel 316L i»20S) Strain Rate 174 86 1/sec 
Tiiamum Aloy Grade 7 («04T) Strain Rate 72.85 1/sec 
Aloy C22 (* 1 3 0  Strain Rate 178 06 1/sec
-
-1 0 1 2  3 4 5
Time (msec)
A number o f  metal plate tests conducted using standard puncture test fixture also 
showed sim ilar type o f  noise in the signal. These observations led to the conclusion that 
the source o f  the noise was an elastic wave propagating through fixture and com ponents 
o f  the test machine.
Since all o f  the com ponents o f  the fixture and Instron Test machine were made o f 
steel, velocity o f  the elastic wave propagation was determ ined using its definition offered 
in Appendix D with Y oung 's modulus and density o f  the construction steel. Position o f 
the load cell gage and distances o f wave travel through the elem ents o f  the m achine were 
calculated. Using these known param eters, the time periods o f  the wave passing through 
the gage o f  the load cell were approxim ated. These values are presented in the table 
below.
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Tim e travel through the mass block Tim e travel through the fixture
1.047 10"* sec 1.102  lO -'sec
As it is shown in the pictures below the major com ponent o f  the wave originated at 
the surface o f  striker-transm iiter contact propagated through the specim en to the holder 
through the insert and then reached the rigid base by passing through the columns. 
Having reached the base the wave reflected back passing through colum ns, holder, insert, 
specim en, transm itter, and striker, and then reached the load cell. A wave that reached 
load cell at the gage would cause a distortion in the signal reducing the measured values 
o f  the load. Having passed through the load cell the wave would continue moving 
through the m assive tup until it reflected from the upper wall o f  the mass blocks. A wave 
passing through the load cell on return would affect the m easurem ents so that values o f 
the load would be greater than actual.
Dimension Value
A 10.400 in
B 5.500 in
C 1.980 in
D 2.40 in
E 1.065 in
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Taking into account the magnitude o f  the elastic wave propagation velocity, the slight 
difference between the values o f  simplified model o f  wave propagation and the cycle 
periods o f  the waves that could be observed on stress-time curves could be justified by 
the fact that there was always a partial reflection o f  the waves at every part connection 
and/or change o f  com ponents' cross section that would affect the tim e periods o f 
isolations in the signal.
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TEST RESULTS
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Tensile Specimen #01S Stainless Steel 316L
156
# Characteristic Units Value
1 Specimen ID - OIS
2 Material - Steel 316L
3 Test Machine - MTS
4 Original Length in 1.151
5 Original D iam eter in 0.125
6 Original Cross Sectional Area in‘ 0.0123
7 Test Height in -
8 Velocity o f  the Test in/sec 5.006E-05
9 Duration o f  the test sec 5.743E+03
10 Average Strain Rate 1/sec 1.429E-04
11 Final Specimen Length in 1.4345
12 Final Specimen D iam eter in 0.0605
13 Final Cross Sectional A rea in* 0.0029
14 Area Reduction % 76.57%
15 Final Engineering Strain (raw) % 82.15%
16 Final Engineering Strain (mod) % 79.69%
17 Final Engineering Strain (actual) % 81.00%
18 Strain Error % 1.8 8 %
19 Yield Strength psi 61797.00
20 Ultimate Strength psi 91021.32
21 Yield Strength/Ultimate Strength % 67.89%
22 Strain at Ultimate Strength % 52.16%
23 Strain at Yield Strength % 0 .2 1 %
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Tensile Specimen #02S Stainless Steel 316L
# Characteristic Units Value
1 Specimen ID - 02S
2 Material - Steel 316L
3 Test Machine - MTS
4 Original Length in 1.1512
5 Original D iam eter in 0.125
6 Original Cross Sectional Area in‘ 0.0123
7 Test Height in -
8 Velocity o f  the Test in/sec 5.006E-05
9 Duration o f  the test sec 5.671E+03
10 Average Strain Rate 1/sec 1.430E-04
11 R nal Specimen Length in 1.4360
12 R nal Specimen Diam eter in 0.0597
13 R nal Cross Sectional Area in" 0.0028
14 A rea Reduction % 77.19%
15 R nal Engineering Strain (raw) % 81.11%
16 R nal Engineering Strain (mod) % 79.78%
17 R nal Engineering Strain (actual) 9c 81.37%
18 Strain Error 9c 2 .2 1 %
19 Yield Strength psi 59790.00
20 Ultimate Strength psi 90319.71
21 Yield Strength/Ultimate Strength 9c 6 6 .2 0 %
22 Strain at Ultimate Strength 9c 57.08%
23 Strain at Yield Strength 9c 0 .2 1 %
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Tensile Specimen #038 Stainless Steel 3 16L
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# Characteristic Units Value
1 Specim en ID - 03S
2 M aterial - Steel 316L
3 T est M achine - MTS
4 Original Length in 1.1507
5 Original Diam eter in 0.125
6 Original Cross Sectional Area in“ 0.0123
7 Test Height in -
8 V elocity o f  the Test in/sec 5.009E-05
9 Duration o f  the test sec 5.829E+03
10 Average Strain Rate 1/sec 1.43 IE-04
II Final Specimen Length in 1.442
12 Final Specimen Diameter in 0.0595
13 Final Cross Sectional Area in* 0.0028
14 Area Reduction % 77.34%
15 Final Engineering Strain (raw) % 83.43%
16 Final Engineering Strain (mod) 9c 80.92%
17 Final Engineering Strain (actual) 9c 83.23%
18 Strain Error 9c 3.03%
19 Yield Strength psi 60651.00
20 Ultim ate Strength psi 90038.58
21 Yield Strength/Ultim ate Strength 9c 67.36%
22 Strain at Ultimate Strength 9c 51.67%
23 Strain at Yield Strength 9c 0 .2 1 %
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
161
10
X to Engir^enng StresS'Slrain Cur/e s03S
8-
0 01 or 0 3 04 OS 06 07 08 OS
Engincenno Strsm iin/Ini
Engineering Siress-Strain Curve (M odified Data #03S)
t to ccrrvosite Engineering Stms>Strain C xve  0O3S
8
I
Î
35 4 -I
I
0 -
0 0.1 0.2 0.3 0.* 05 OS 07 08 09
Engneenng Suain (in/lni
Com posite Engineering Stress-Strain Curve (Final D ata #03S)
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Tensile Specimen #045 Stainless Steel 316L
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# Characteristic Units Value
I Specimen ID - 04S
2 Material - Steel 316L
3 Test M achine - MTS
4 Original Length in 1.1503
5 Original Diam eter in 0.125
6 Original Cross Sectional Area in" 0.0123
7 Test Height in -
8 Velocity o f  the Test in/sec 5.003E-03
9 Duration o f  the test sec 4.989E+01
10 Average Strain Rate 1/sec 1.429E-02
11 Final Specimen Length in 1.3977
12 Final Specimen Diam eter in 0.0637
13 Final Cross Sectional Area in" 0.0032
14 Area Reduction % 74.03%
15 Final Engineering Strain (raw) % 71.31%
16 Final Engineering Strain (mod) % 68.63%
17 Final Engineering Strain (actual) 9c 70.69%
18 Strain Error 9c 3.24%
19 Yield Strength psi 67080.00
20 Ultimate Strength psi 93127.20
21 Yield Strength/Ultim ate Strength 9c 72.03%
~>2 Strain at Ultimate Strength 9c 47.80%
23 Strain at Yield Strength 9c 0.23%
#G4S:
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Tensile Specimen #05S Stainless Steel 3 16L
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# Characteristic Units Value
1 Specimen ID - 05S
2 Material - Steel 316L
3 Test M achine - MTS
4 Original Length in 1.1502
5 Original D iam eter in 0.125
6 Original Cross Sectional Area m" 0.0123
7 Test Height in -
8 Velocity o f  the Test in/sec 5.010E-03
9 Duration o f  the test sec 5.167E+01
10 Average Strain Rate 1/sec 1.435E-02
11 Final Specimen Length in 1.4047
12 Final Specimen Diam eter in 0.0617
13 Final Cross Sectional Area m‘ 0.0030
14 Area Reduction % 75.64%
15 Final Engineering Strain (raw) % 74.17%
16 Final Engineering Strain (mod) % 72.06%
17 Final Engineering Strain (actual) % 72.71%
18 Strain Error % 1.2 0 %
19 Yield Strength psi 63150.00
20 Ultimate Strength psi 92355.05
21 Yield Strength/Ultim ate Strength % 68.38%
22 Strain at Ultimate Strength % 49.95%
23 Strain at Yield Strength % 0 .2 2 %
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Tensile Specimen #06S Stainless Steel 316L
166
# Characteristic Units Value
I Specimen ID - 06S
2 Material - Steel316L
3 Test M achine - MTS
4 Original Length in 1.1502
5 Original Diam eter in 0.1255
6 Original Cross Sectional Area in" 0.0124
7 T est Height in -
8 Velocity o f  the Test in/sec 5.023E-03
9 Duration o f  the test sec 5.065E+01
10 Average Strain Rate 1/sec 1.430E-02
11 Final Specimen Length in 1.4003
12 Final Specimen Diameter in 0.0612
13 Final Cross Sectional Area in" 0.0029
14 Area Reduction % 76.22%
15 Final Engineering Strain (raw) % 72.69%
16 Final Engineering Strain (mod) % 69.76%
17 Final Engineering Strain (actual) 9c 71.46%
18 Strain Error 9c 2.70%
19 Yield Strength psi 68137.00
20 Ultimate Strength psi 94250.69
21 Yield Strength/Ultimate Strength 9c 72.29%
22 Strain at Ultimate Strength 9c 45.59%
23 Strain at Yield Strength 9c 0.23%
S t e e l 3 1 6 L j a f ^
#068
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Tensile Specimen #07S Stainless Steel 316L
# Characteristic Units Value
1 Specimen ID - 07S
2 Material - Steel 316L
3 Test M achine - MTS
4 Original Length in 1.1468
5 Original Diam eter in 0.125
6 Original Cross Sectional Area in" 0.0123
7 Test Height in -
8 Velocity o f  the Test in/sec 5 .0 2 0 E 0 2
9 Duration o f  the test sec 4.203E+00
10 Average Strain Rate 1/sec 1.430E-01
11 Final Specimen Length in 1.3592
12 Final Specimen D iam eter in 0.0662
13 Final Cross Sectional Area in" 0.0034
14 Area Reduction % 71.95%
15 Final Engineering Strain (raw) % 60.28%
16 Final Engineering Strain (mod) % 58.48%
17 Final Engineering Strain (actual) 9c 60.69%
18 Strain Error 9c 4.01%
19 Yield Strength psi 65150.00
20 Ultimate Strength psi 90670.68
21 Yield Strength/Ultim ate Strength 9c 71.85%
22 Strain at Ultimate Strength 9c 38.24%
23 Strain at Yield Strength 9c 0 .2 2 %
#07S
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Tensile Specimen #08S Stainless Steel 316L
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# Characteristic Units Value
1 Specimen ID - 08S
2 M aterial - Steel 316L
3 T est M achine - MTS
4 Original Length in 1.1508
5 Original D iam eter in 0.125
6 Original Cross Sectional Area in“ 0.0123
7 T est Height in -
8 Velocity o f  the Test in/sec 5.012E-02
9 Duration o f  the test sec 4.199E+00
10 Average Strain Rate 1/sec 1.442E-01
11 R nal Specimen Length in 1.3557
12 Final Specimen Diam eter in 0.0677
13 Final Cross Sectional Area m‘ 0.0036
14 Area Reduction % 70.67%
15 Final Engineering Strain (raw) % 60.13%
16 Final Engineering Strain (mod) % 57.40%
17 Final Engineering Strain (actual) 9c 58.54%
18 Strain Error 9c 2.35%
19 Yield Strength psi 67085.00
2 0 U ltimate Strength psi 91232.26
21 Yield Strength/Ultimate Strength % 73.53%
22 Strain at Ultimate Strength 9c 36.97%
23 Strain at Yield Strength 9c 0.23%
#08S
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Tensile Specimen #09S Stainless Steel 316L
172
# Characteristic Units Value
I Specimen ID - 09S
2 Material - Steel 316L
3 Test M achine - MTS
4 Original Length in 1.1517
5 Original D iam eter in 0.125
6 Original Cross Sectional Area in" 0.0123
7 Test Height in -
8 Velocity o f  the Test in/sec 5.015E-02
9 Duration o f  the test sec 4.149E+00
10 Average Strain Rate 1/sec 1.436E-01
11 Final Specimen Length in 1.3628
12 Final Specimen Diam eter in 0.0657
13 Final Cross Sectional Area in" 0.0034
14 Area Reduction % 72.37%
15 Final Engineering Strain (raw) % 59.44%
16 Final Engineering Strain (mod) % 57.79%
17 Final Engineering Strain (actual) % 60.31%
18 Strain Error 9c 4.56%
19 Yield Strength psi 65175.00
20 Ultimate Strength psi 90249.51
21 Yield Strength/U ltim ate Strength 9c 72.22%
22 Strain at U ltimate Strength 9c 37.89%
23 Strain at Yield Strength 9c 0 .2 2 %
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Tensile Specimen #12S Stainless Steel 316L
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# Characteristic Units Value
1 Specimen ID - 12S
2 Material - Steel 316L
3 Test Machine - Instron
4 Original Length in 1.1515
5 Original Diameter in 0.1252
6 Original Cross Sectional Area in" 0.0123
7 Test Height in 3.509
8 Velocity o f  the Test in/sec 5.205E+01
9 Duration o f  the test sec 5.880E-03
10 Average Strain Rate 1/sec 1.061E+02
1 1 Final Specimen Length in 1.3665
12 Final Specimen Diam eter in 0.0718
13 Final Cross Sectional Area in" 0.0040
14 Area Reduction % 67 .117c
15 Final Engineering Strain (raw) % 69.207c
16 Final Engineering Strain (mod) % 63.187c
17 Final Engineering Strain (actual) % 61.437c
18 Strain Error 9c -2.367c
19 Yield Strength psi 87624.50
20 Ultimate Strength psi 101795.00
21 Yield Strength/Ultimate Strength 9c 86.087c
22 Strain at Ultimate Strength 9c 36.937c
23 Strain at Yield Strength 9c 0.307c
Steel 31 
# 12S
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Tensile Specimen #20S Stainless Steel 316L
# Characteristic Units Value
1 Specimen ID - 20S
2 M aterial - Steel 316L
3 Test M achine - Instron
4 Original Length in 1.1538
5 Original D iam eter in 0.1253
6 Original Cross Sectional Area in" 0.0123
7 Test Height in 5.998
8 Velocity o f  the Test in/sec 6.805E+01
9 Duration o f  the test sec 3.497E-03
10 Average Strain Rate 1/sec 1.749E+02
11 Final Specimen Length in 1.3535
12 Final Specimen Diam eter in 0.0747
13 Final Cross Sectional Area in" 0.0044
14 Area Reduction 9c 64.46%
15 Final Engineering Strain (raw) 9c 61.23%
16 Final Engineering Strain ( mod) 9c 57.87%
17 Final Engineering Strain (actual) 9c 57.06%
18 Strain Error 9c - 1.0 0 %
19 Yield Strength psi 71270.75
20 Ultimate Strength psi 104009.00
21 Yield Strength/Ultim ate Strength 9c 68.52%
22 Strain at Ultimate Strength 9c 34.85%
23 Strain at Yield Strength 9c 0.25%
Steel 316L 
#208
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Tensile Specimen #0IT Titanium Alloy Grade?
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# Characteristic Units Value
1 Specimen ID - OIT
2 Material - Titanium
3 Test Machine - Instron
4 Original Length in 1.1512
5 Original D iam eter in 0.1243
6 Original Cross Sectional Area in" 0.0121
7 Test Height in 5.915
8 Velocity o f  the Test in/sec 6.758E+01
9 Duration o f  the test sec 2.371E-03
10 A verage Strain Rate 1/sec 1.846E+02
II Final Specimen Length in 1.2752
12 Final Specimen Diameter in 0.0785
13 Final Cross Sectional Area in" 0.0048
14 Area Reduction % 60.12%
15 Final Engineering Strain (raw) % 43.86%
16 Final Engineering Strain (mod) % 35.15%
17 Final Engineering Strain (actual) % 35.43%
18 Strain Error % 2.34%
19 Yield Strength psi 90900.00
20 Ultimate Strength psi 91100.50
21 Yield Strength/Ultimate Strength % 99.78%
22 Strain at Ultimate Strength % 2.99%
23 Strain at Yield Strength % 0.55%
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Tensile Specimen #02T Titanium Alloy Grade?
180
# Characteristic Units Value
1 Specimen ID - 02T
2 M aterial - Titanium
3 Test M achine - Instron
4 Original Length in 1.1517
5 Original D iam eter in 0.1247
6 Original C ross Sectional Area in ' 0 .0 1 2 2
7 Test Height in 5.954
8 Velocity o f  the Test in/sec 6.780E+01
9 Duration o f  the test sec 2.278E-03
10 Average Strain Rate 1/sec 1.849E+02
11 Final Specim en Length in 1.2747
12 Final Specim en D iam eter in 0.0782
13 Final Cross Sectional Area in ' 0.0048
14 Area Reduction % 60.67%
15 Final Engineering Strain (raw) % 42.20%
16 Final Engineering Strain (mod) 9c 34.72%
17 Final Engineering Strain (actual) 9c 35.14%
18 Strain Error 9c 2.76%
19 Yield Strength psi 90943.50
20 Ultimate Strength psi 90601.00
21 Yield Strength/Ultim ate Strength 9c 100.38%
22 Strain at U ltimate Strength 9c 9.15%
23 Strain at Yield Strength 9c 0.55%
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Tensile Specimen #03T Titanium Alloy Grade?
182
# Characteristic Units Value
1 Specim en ID - 03T
2 M aterial - Titanium
3 Test M achine - Instron
4 Original Length in 1.152
5 Original D iam eter in 0.1252
6 Original Cross Sectional Area in" 0.0123
7 Test Height in 5.937
8 Velocity o f  the Test in/sec 6.771E+01
9 Duration o f  the test sec 2.131E-03
10 A verage Strain Rate 1/sec 1.838E+02
11 Final Specim en Length in 1.2777
12 Final Specim en Diam eter in 0.0782
13 Final C ross Sectional Area in ' 0.0048
14 Area Reduction % 60.997c
15 Final Engineering Strain (raw) % 39.267c
16 Final Engineering Strain (mod) % 35.30%
17 Final Engineering Strain (actual) 9c 35.91%
18 Strain Error 9c 3.18%
19 Yield Strength psi 86784.25
20 Ultimate Strength psi 89200.50
21 Yield Strength/U ltim ate Strength 9c 97.297c
22 Strain a t Ultimate Strength 9c 3.30%
23 Strain at Yield Strength 9c 0.53%
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Tensile Specimen #04T Titanium Alloy Grade?
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# Characteristic Units Value
1 Specim en ID - 04T
2 Material - Titanium
3 Test M achine - Instron
4 Original Length in 1.1515
5 Original D iam eter in 0.124
6 Original Cross Sectional Area in* 0.0121
7 Test Height in 1.392
8 Velocity o f  the Test in/sec 3.279E+01
9 Duration o f  the test sec 5.105E-03
10 Average Strain Rate 1/sec 7.285E+01
11 Final Specimen Length in 1.2700
12 Final Specimen D iam eter in 0.0802
13 Final Cross Sectional Area in" 0.0050
14 Area Reduction % 58.17%
15 Final Engineering Strain (raw) % 41.49%
16 Final Engineering Strain (mod) 9c 33.60%
17 Final Engineering Strain (actual) 9c 33.86%
18 Strain Error 9c 2 . 11%
19 Yield Strength psi 75633.87
20 Ultimate Strength psi 85897.00
21 Yield Strength/Ultim ate Strength 9c 88.05%
22 Strain at Ultimate Strength 9c 4.32%
23 Strain at Yield Strength 9c 0.46%
Titanium G 7  
# 0 4 T
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Tensile Specimen #05T Titanium Alloy Grade?
# Characteristic Units Value
1 Specimen ID - 05T
2 Material - Titanium
3 Test M achine - Instron
4 Original Length in 1.1525
5 Orizinal D iam eter in 0.1253
6 Original Cross Sectional Area in" 0.0123
7 Test Height in 1.339
8 Velocity o f  the Test in/sec 3.215E+01
9 Duration o f  the test sec 5 .6 3 0 E 0 3
10 Average Strain Rate 1/sec 7.384E+01
11 Final Specimen Length in 1.2688
12 R nal Specimen D iam eter in 0.0802
13 Final Cross Sectional Area in" 0.0050
14 Area Reduction % 59.03%
15 Final Engineering Strain (raw) % 40.31%
16 Final Engineering Strain (mod) 9c 33.58%
17 Final Engineering Strain (actual) 9c 33.23%
18 Strain Error 9c 0.26%
19 Yield Strength psi 71452.18
20 Ultimate Strength psi 84791.00
21 Yield Strength/U ltim ate Strength 9c 84.27%
22 Strain at U ltimate Strength 9c 4.41%
23 Strain at Yield Strength 9c 0.43%
Titanium G7
#05T
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Tensile Specimen #06T Titanium Alloy Grade?
# Characteristic Units Value
I Specimen ID - 06T
2 Material - Titanium
3 Test Machine - Instron
4 Original Length in 1.151
5 Original Diameter in 0.1247
6 Original Cross Sectional Area in ' 0 .0 1 2 2
7 Test Height in 1.907
8 Velocity o f  the Test in/sec 3.224E+01
9 Duration o f the test sec 5.386E-03
10 Average Strain Rate 1/sec 7.022E+01
11 Final Specimen Length in 1.2742
12 Final Specimen Diameter in 0.0790
13 Final Cross Sectional Area in" 0.0049
14 Area Reduction % 59.87%
15 Final Engineering Strain (raw) % 42.23%
16 Final Engineering Strain (mod) % 34.03%
17 Final Engineering Strain (actual) % 35.20%
18 Strain Error 9c 4.63%
19 Yield Strength psi 75842.00
20 Ultimate Strength psi 84733.50
21 Yield Strength/Ultimate Strength 9c 89.51%
22 Strain at Ultimate Strength 9c 4.23%
23 Strain at Yield Strength 9c 0.46%
Titanium 6 '
#
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Tensile Specimen #07T Titanium Alloy Grade?
190
# Characteristic Units Value
I Specimen ID - 07T
2 Material - Titanium
3 Test M achine - MTS
4 Original Length in 1.1513
5 Original Diameter in 0.1243
6 Original Cross Sectional Area in ' 0.0121
7 Test Height in -
8 Velocity o f  the Test in/sec 5.000E-02
9 Duration o f  the test sec 2.393E+00
10 Average Strain Rate 1/sec 1.451E-01
11 Final Specimen Length in 1.2747
12 Final Specimen Diameter in 0.0787
13 Final Cross Sectional Area in ' 0.0049
14 Area Reduction % 59.91%
15 Final Engineering Strain (raw) % 34.48%
16 Final Engineering Strain (mod) % 33.24%
17 Final Engineering Strain (actual) 9c 35.26%
18 Strain Error 9c 6.70%
19 Yield Strength psi 57699.00
20 Ultimate Strength psi 71641.00
21 Yield Strength/Ultimate Strength 9c 80.54%
22 Strain at Ultimate Strength 9c 8.92%
23 Strain at Yield Strength 9c 0.35%
Titanium  
#071
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Tensile Specimen #08T Titanium Alloy Grade?
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# Characteristic Units Value
1 Specimen ID - 08T
2 Material - Titanium
3 Test M achine - MTS
4 Original Length in 1.1513
5 Original D iam eter in 0.1248
6 Original Cross Sectional Area m“ 0 .0 1 2 2
7 Test Height in -
8 Velocity o f  the Test in/sec 4.167E-03
9 Duration o f  the test sec 2.446E+00
10 Average Strain Rate 1/sec 1.392E-01
1 ! Final Specimen Length in 1.2707
12 Final Specimen Diameter in 0.0795
13 Final Cross Sectional Area in" 0.0050
14 Area Reduction % 59.42%
15 Final Engineering Strain (raw) 9c 35.07%
16 Final Engineering Strain (mod) 9c 32.04%
17 Final Engineering Strain (actual) 9c 34.11%
18 Strain Error 9c 7.19%
19 Yield Strength psi 62073.00
20 Ultimate Strength psi 71772.07
21 Yield Strength/Ultimate Strength 9c 86.49%
22 Strain at Ultimate Strength 9c 6.63%
23 Strain at Yield Strength 9c 0.38%
Titam um G li 
# 0 8 T
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
xtO* Engneenng S&es»>Strain C uve S08T
193
7
5
V
015 02 0 25
Engineenng Strain nn^i
0 3  035 04
Engineering Stress-Sirain Curve (M odified D ata #08T)
. xtO* Comoosite Engineenng StresvStram Cuve aOST
6-
I
r *
0-
005 OT 0.15 0 2
Cngneenng S&vin (tnfn)
0.25 0.3 035
Com posite Engineering Stress-Strain Curve (Final D ata #08T)
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Tensile Specimen #09T Titanium Alloy Grade?
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# Characteristic Units Value
1 Specimen ID - 09T
2 M aterial - Titanium
3 Test M achine - MTS
4 Original Length in 1.1517
5 Original D iam eter in 0.125
6 Original Cross Sectional Area in‘ 0.0123
7 Test Height in -
8 Velocity o f  the Test in/sec 5.000E-02
9 Duration o f  the test sec 2.402E+00
10 Average Strain Rate 1/sec I.456E-01
11 Final Specimen Length in 1.2727
12 Final Specimen Diam eter in 0.0787
13 Final Cross Sectional Area in ' 0.0049
14 Area Reduction % 60.36%
15 Final Engineering Strain (raw) % 34.43%
16 Final Engineering Strain (mod) •7c 32.77%
17 Final Engineering Strain (actual) % 34.57%
18 Strain Error •7c 6.26%
19 Yield Strength psi 59770.00
20 Ultimate Strength psi 71631.36
21 Yield Strength/Ultimate Strength •7c 83.44%
22 Strain at Ultimate Strength •7c 8.59%
23 Strain at Yield Strength % 0.36%
Titamom CXM 
#09T
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Tensile Specimen # I OT Titanium Alloy Grade?
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# Characteristic Units Value
1 Specimen ID - lOT
2 Material - Titanium
3 Test M achine - MTS
4 Original Length in 1.1515
5 Original Diameter in 0.1245
6 Original Cross Sectional Area in" 0 .0 1 2 2
7 Test Height in -
8 Velocity o f  the Test in/sec 5.000E-05
9 Duration o f  the test sec 3.007E+03
10 Average Strain Rate 1/sec 1.430E-04
11 Final Specimen Length in 1.2990
12 Final Specimen Diameter in 0.0792
13 Final Cross Sectional Area in" 0.0049
14 Area Reduction % 59.539c
15 Final Engineering Strain (raw) % 43.15%
16 Final Engineering Strain (mod) 9c 40.01%
17 Final Engineering Strain (actual) 9c 42.147c
18 Strain Error 9c 5.82%
19 Yield Strength psi 52672.00
20 Ultimate Strength psi 63024.28
21 Yield Strength/Ultimate Strength 9c 83.57%
22 Strain at Ultimate Strength 9c 11.99%
23 Strain at "V ield Strength 9c 0.327c
Tnanmm(% 
#IOT
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Tensile Specimen #1 IT Titanium Alloy Grade?
# Characteristic Units Value
1 Specim en ID - I IT
2 Material - Titanium
3 Test M achine - MTS
4 Original Length in 1.1522
5 Original Diam eter in 0.125
6 Original Cross Sectional Area in" 0.0123
7 Test Height in -
8 Velocity o f  the Test in/sec 3.480E-01
9 Duration o f  the test sec 3.135E-01
10 A verage Strain Rate 1/sec 9.985E-01
11 Final Specimen Length in 1.2615
12 Final Specimen Diameter in 0.0805
13 Final Cross Sectional Area in ' 0.0051
14 A rea Reduction % 58.53%
15 Final Engineering Strain (raw) % 31.33%
16 Final Engineering Strain (mod) % 29.55%
17 Final Engineering Strain (actual) % 31.23%
18 Strain Error % 6.65%
19 Yield Strength psi 65161.50
20 Ultimate Strength psi 73472.62
21 Yield Strength/Ultimate Strength 9c 88.69%
22 Strain at Ultimate Strength 9c 8.569%
23 Strain at Yield Strength 9c 0.39%
TitaimimG? 
# IIT
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Tensile Specimen #I2T Titanium Alloy Grade?
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# Characteristic Units Value
I Specim en ID - 12T
2 Material - Titanium
3 Test M achine - MTS
4 O riginal Length in 1.1527
5 O riginal Diam eter in 0.1248
6 O riginal Cross Sectional Area m" 0 .0 1 2 2
7 Test Height in -
8 Velocity o f  the Test in/sec 3.480E-01
9 Duration o f  the test sec 3 .1 16E-01
10 Average Strain Rate 1/sec 1.009E+00
11 Final Specim en Length in 1.2638
12 Final Specimen D iam eter in 0.0798
13 Final Cross Sectional Area in" 0.0050
14 A rea Reduction % 59.11%
15 Final Engineering Strain (raw) % 31.48%
16 Final Engineering Strain (mod) % 30.25%
17 Final Engineering Strain (actual) 9c 31.74%
18 Strain Error 9c 5.84%
19 Yield Strength psi 59890.00
20 U ltim ate Strength psi 74309.06
21 Yield Strength/Ultim ate Strength 9c 80.60%
22 Strain at U ltim ate Strength 9c 6.37%
23 Strain at Yield Strength 9c 0.36%
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Tensile Specimen #13T Titanium Alloy Grade?
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# Characteristic Units Value
1 Specimen ID - 13T
2 Material - Titanium
3 Test M achine - MTS
4 Original Length in 1.1517
5 Original D iam eter in 0 4 2 4 7
6 Original Cross Sectional Area in" 0 .0 1 2 2
7 Test Height in -
8 Velocity o f  the Test in/sec 3.480E-01
9 Duration o f  the test sec 3.264E-01
10 Average Strain Rate 1/sec 1.003E+00
11 Final Specim en Length in 1.2613
12 Final Specimen Diam eter in 0.0797
13 Final Cross Sectional Area in" 0.0050
14 Area Reduction % 59.15%
15 Final Engineering Strain (raw) % 32.76%
16 Final Engineering Strain (mod) 9c 29.74%
17 Final Engineering Strain (actual) 9c 31.31%
18 Strain Error 9c 6.28%
19 Yield Strength psi 64860.00
20 Ultimate Strength psi 73933.21
21 Yield Strength/U ltim ate Strength 9c 87.73%
22 Strain at Ultim ate Strength 9c 8.81%
23 Strain at Yield Strength 9c 0.39%
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Tensile Specimen #I4T Titanium Alloy Grade?
204
# Characteristic Units Value
1 Specimen ED - 14T
2 Material - Titanium
3 Test M achine - MTS
4 Original Length in 1.1518
5 Original D iam eter in 0.1242
6 Original Cross Sectional Area in" 0.0121
7 Test Height in -
8 Velocity o f  the Test in/sec 5.000E-05
9 Duration o f  the test sec 2.892E+03
10 Average Strain Rate 1/sec 1.426E-04
11 Final Specimen Length in 1.2983
12 R nal Specimen Diam eter in 0.0762
13 Final Cross Sectional Area in" 0.0046
14 Area Reduction % 62.36%
15 Final Engineering Strain (raw) % 41.18%
16 Final Engineering Strain (mod) % 39.85%
17 Final Engineering Strain (actual) % 41.86%
18 Strain Error % 5.53%
19 Yield Strength psi 50668.00
20 Ultimate Strength psi 62611.42
21 Yield Strength/U ltim ate Strength % 80.92%
22 Strain at U ltimate Strength % 10.99%
23 Strain at Yield Strength % 0.31%
#I4T
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Tensile Specimen #I5T Titanium Alloy Grade?
# Characteristic Units Value
I Specimen DD - 15T
2 Material - Titanium
3 Test Machine - MTS
4 Original Length in 1.1513
5 Original D iam eter in 0.1243
6 Original Cross Sectional Area m* 0 .0121
7 Test Height in -
8 Velocity o f  the Test in/sec 5.000E-05
9 Duration o f  the test sec 2.983E+03
10 Average Strain Rate 1/sec 1.431E-04
11 Final Specimen Length in 1.3000
12 Final Specimen Diameter in 0.0757
13 Final Cross Sectional Area in" 0.0045
14 Area Reduction % 62.91%
15 Final Engineering Strain (raw) % 42.70%
16 Final Engineering Strain (mod) 9c 40.11%
17 Final Engineering Strain (actual) 9c 42.49%
18 Strain Error 9c 6.35%
19 Yield Strength psi 53144.00
20 Ultimate Strength psi 63055.75
21 Yield Strength/Ultimate Strength 9c 84.28%
22 Strain at Ultimate Strength 9c 14.31%
23 Strain at Yield Strength 9c 0.32%
Titananii GfK 
# 15T
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Tensile Specimen #OIC Alloy C22
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# Characteristic Units Value
1 Specimen ID - OIC
2 M aterial - Alloy C22
3 Test M achine - MTS
4 Original Length in 1.1507
5 Original D iam eter in 0.1248
6 Original Cross Sectional Area in" 0 .0 1 2 2
7 Test Height in -
8 Velocity o f  the Test in/sec 5 026E-05
9 Duration o f  the test sec 4.970E+03
10 Average Strain Rate 1/sec 1.429E-04
11 Final Specimen Length in 1.3963
12 Final Specimen Diameter in 0.0647
13 Final Cross Sectional Area in ' 0.0033
14 Area Reduction % 73.12%
15 Final Engineering Strain (raw) 7c 71.36%
16 Final Engineering Strain (mod) 7c 68.53%
17 Final Engineering Strain (actual) 7c 70.17%
18 Strain Error 7c 2.74%
19 Yield Strength psi 84227.00
20 Ultimate Strength psi 134763.10
21 Yield Strength/Ultimate Strength 7c 62.50%
22 Strain at Ultimate Strength 7c 47.85%
23 Strain at Yield Strength 7c 0.28%
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Tensile Specimen #02C Alloy C22
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# Characteristic Units Value
1 Specimen ID - 02C
2 Material - Alloy C22
3 Test Machine - MTS
4 Original Length in 14508
5 Original Diam eter in 0.1252
6 Original Cross Sectional Area m~ 0.0123
7 Test Height in -
8 Velocity o f  the Test in/sec 5.009E-05
9 Duration o f  the test sec 4.866E+03
10 Average Strain Rate 1/sec 1.432E-04
11 Final Specimen Length in 1.3927
12 Final Specimen Diam eter in 0.0663
13 Final Cross Sectional Area m~ 0.0035
14 Area Reduction % 71.96%
15 Final Engineering Strain (raw) % 69.64%
16 Final Engineering Strain (mod) % 67.69%
17 Final Engineering Strain (actual) % 69.11%
18 Strain Error % 2.46%
19 Yield Strength psi 83914.00
20 Ultimate Strength psi 134254.80
21 Yield Strength/Ultimate Strength % 62.50%
22 Strain at Ultimate Strength % 45.34%
23 Strain at Yield Strength % 0.28%
#02C
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Tensile Specimen #03C Alloy C22
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# Characteristic Units Value
1 Specimen ID - 03C
2 Material - Allov C22
3 Test M achine - MTS
4 Original Length in 1.1505
5 Original Diameter in 0.1248
6 Original Cross Sectional Area in" 0 .0 1 2 2
7 Test Height in -
8 Velocity o f  the Test in/sec 5.004E-05
9 Duration o f  the test sec 5.029E+03
10 Average Strain Rate 1/sec 1.430E-04
11 Final Specimen Length in 1.4000
12 Final Specimen Diameter in 0.0623
13 Final Cross Sectional Area in" 0.0030
14 Area Reduction 9c 75.08%
15 Final Engineering Strain (raw) 9c 71.90%
16 Final Engineering Strain (mod) 9c 69.95%
17 Final Engineering Strain (actual) 9c 71.29%
18 Strain Error 9c 2.26%
19 Yield Strength psi 83130.00
20 Ultimate Strength psi 135326.60
21 Yield Strength/Ultimate Strength 9c 61.43%
22 Strain at Ultimate Strength 9c 48.44%
23 Strain at Yield Strength 9c 0.28%
Alloy C22 
#03G
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Tensile Specimen #04C Alloy C22
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# Characteristic Units Value
1 Specimen ID - 04C
2 Material - Alloy C22
3 Test Machine - MTS
4 Original Length in 1.15
5 Original Diameter in 0.1252
6 Original Cross Sectional Area in ' 0.0123
7 Test Height in -
8 Velocity o f  the Test in/sec 5.0I3E-03
9 Duration o f  the test sec 4.71 lE+OI
10 Average Strain Rate I/sec I.432E-02
1 1 Final Specimen Length in 1.3902
12 Final Specimen Diameter in 0.0613
13 Final Cross Sectional Area in ' 0.0029
14 Area Reduction % 76.03%
15 Final Engineering Strain (raw) % 67.47%
16 Final Engineering Strain (mod) 7c 65.74%
17 Final Engineering Strain (actual) 7c 68.63%
IS Strain Error 7c 4.64%
19 Yield Strength psi 88350.00
20 Ultimate Strength psi 136772.70
21 Yield Strength/Ultimate Strength 7c 64.60%
22 Strain at Ultimate Strength 7c 45.10%
23 Strain at Yield Strength 7c 0.29%
#04C
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Tensile Specimen #05C Alloy C22
216
# Characteristic Units Value
1 Specimen ID - 05C
2 M aterial - Alloy C22
3 Test M achine - MTS
4 O riginal Length in 1.15
5 Original Diam eter in 0.1248
6 Original Cross Sectional Area in" 0 .0 1 2 2
7 Test Height in -
8 Velocity o f  the Test in/sec 5.009E-03
9 Duration o f  the test sec 4.725E+01
10 Average Strain Rate I/sec 1.430E-02
1 1 Final Specimen Length in 1.3852
12 Final Specimen D iam eter in 0.0620
13 Final Cross Sectional Area in" 0.0030
14 Area Reduction 9c 75.32%
15 Final Engineering Strain (raw) 9c 67.62%
16 Final Engineering Strain (mod) 9c 65.88%
17 Final Engineering Strain (actual) 9c 67.20%
18 Strain Error 9c 2.40%
19 Yield Strength psi 86840.00
20 Ultimate Strength psi 137298.30
21 Yield Strength/Ultim ate Strength 9c 63.25%
22 Strain at Ultimate Strength 9c 43.33%
23 Strain at Yield Strength 9c 0.29%
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Tensile Specimen #06C Alloy C22
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# Characteristic Units Value
1 Specimen ED - 06C
2 Material - Alloy C22
3 Test M achine - MTS
4 Original Length in 1.1502
5 Original D iam eter in 0.1243
6 O risinal Cross Sectional Area . ■> in" 0.0121
7 Test Height in -
8 Velocity o f  the Test in/sec 5.004E-03
9 Duration o f the test sec 4.757E+01
10 Average Strain Rate 1/sec 1.429E-02
1 1 Final Specimen Length in 1.3885
12 Final Specimen Diam eter in 0.0603
13 Final Cross Sectional Area in" 0.0029
14 Area Reduction % 76.47%
15 Final Engineering Strain (raw) 9c 6 8 .0 1 %
16 Final Engineering Strain (mod) 9c 6 6 .8 6 %
17 Final Engineering Strain (actual) 9c 68.09%
18 Strain Error 9c 2 .2 2 %
19 Yield Strength psi 85380.00
2 0 Ultimate Strength psi 137482.20
21 Yield Strength/Ultimate Strength 9c 62.10%
22 Strain at Ultimate Strength 9c 46.52%
23 Strain at Yield Strength 9c 0.28%
#06C
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Tensile Specimen #07C Alloy C22
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# Characteristic Units Value
1 Specimen ID - 07C
2 M aterial - Alloy C22
3 Test M achine - MTS
4 Original Length in 1.1508
5 Original Diam eter in 0.124
6 Original Cross Sectional Area in" 0 .0121
7 T est Height in -
8 V elocity o f  the Test in/sec 5.019E-02
9 Duration o f  the test sec 4.331E+00
10 A verage Strain Rate 1/sec 1.427E-01
11 Final Specimen Length in 1.3655
12 Final Specimen D iam eter in 0.0652
13 Final Cross Sectional Area in" 0.0033
14 A rea Reduction % 72.35%
15 Final Engineering Strain (raw) % 62.10%
16 Final Engineering Strain (mod) % 59.79%
17 Final Engineering Strain (actual) % 61.34%
18 Strain Error % 3.03%
19 Yield Strength psi 90938.00
20 U ltimate Strength psi 136222.30
21 Yield Strength/Ultim ate Strength % 66.76%
22 Strain at U ltimate Strength % 40.63%
23 Strain at Yield Strength % 0.30%
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Tensile Specimen #08C Alloy C22
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# Characteristic Units Value
1 Specimen ID - 08C
2 Material - Alloy C22
3 Test Machine - MTS
4 Original Length in 1.1508
5 Original Diam eter in 0.1248
6 Original Cross Sectional Area m" 0 .0 1 2 2
7 Test Height in -
8 Velocity o f  the Test in/sec 5.026E-02
9 Duration o f  the test sec 4.383E+00
10 Average Strain Rate 1/sec 1.430E-01
11 Final Specimen Length in 1.3655
12 Final Specimen Diam eter in 0.0632
13 Final Cross Sectional Area in’ 0.0031
14 Area Reduction % 74.35%
15 Final Engineering Strain (raw) % 62.94%
16 Final Engineering Strain (mod) % 60.43%
17 Final Engineering Strain (actual) % 61.34%
18 Strain Error % 0.98%
19 Yield Strength psi 92605.00
20 Ultimate Strength psi 136453.30
21 Yield Strength/L'ltimate Strength % 67.87%
22 Strain at Ultimate Strength % 38.82%
23 Strain at Yield Strength % 0.31%
Alloy C22 
#08C
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Tensile Specimen #09C Alloy C22
224
# Characteristic Units Value
I Specimen ID - 09C
2 Material - Alloy C22
3 Test Machine - MTS
4 Original Length in 1.1502
5 Original D iam eter in 0.125
6 Original Cross Sectional Area in" 0.0123
7 Test Height in -
8 Velocity o f  the Test in/sec 5.018E-02
9 Duration o f  the test sec 4.301E+00
10 Average Strain Rate I/sec 1.441E-01
11 Final Specimen Length in 1.364
12 Final Specimen Diam eter in 0.0657
13 Final Cross Sectional Area m" 0.0034
14 Area Reduction 9c 72.37%
15 Final Engineering Strain (raw) 9c 61.66%
16 Final Engineering Strain (mod) 9c 60.27%
17 Final Engineering Strain (actual) 9c 61.09%
18 Strain Error 9c 1.82%
19 Yield Strength psi 89065.00
20 Ultimate Strength psi 136438.10
21 Yield Strength/Ultim ate Strength 9c 65.28%
22 Strain at Ultimate Strength 9c 39.44%
23 Strain at Yield Strength 9c 0.30%
#09C
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Tensile Specimen #10C Alloy C22
# Characteristic Units Value
I Specim en ID - IOC
2 M aterial - Alloy C22
3 Test M achine - Instron
4 Original Length in 1.1503
5 Original Diam eter in 0.125
6 Original Cross Sectional Area in ' 0.0123
7 Test Height in 4.441
8 Velocity o f  the Test in/sec 5.856E+01
9 Duration o f  the test sec 5.470E-03
10 Average Strain Rate 1/sec L213E+02
11 Final Specimen Length in 1.3677
12 Final Specimen Diameter in 0.0662
13 Final Cross Sectional Area m" 0.0034
14 Area Reduction % 71.95%
15 Final Engineering Strain (raw) % 66.37%
16 Final Engineering Strain (mod) % 62.80%
17 Final Engineering Strain (actual) % 62.11%
18 Strain Error % -0.46%
19 Yield Strength psi 121280.00
20 Ultimate Strength psi 150795.00
21 Yield Strength/Ultimate Strength % 80.43%
22 Strain at Ultimate Strength 9c 39.33%
23 Strain at Yield Strength 9c 0.40%
A lloy  C22 
#  IOC
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Tensile Specimen #11C Alloy C22
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# Characteristic Units Value
1 Specim en ID - l i e
2 M aterial - Alloy C22
3 T est M achine - Instron
4 Original Length in 1.1505
5 Original D iam eter in 0.125
6 Original Cross Sectional Area in" 0.0123
7 T est Height in 4.432
8 V elocity o f  the Test in/sec 5.850E+01
9 Duration o f  the test sec 5.662E-03
10 Average Strain Rate 1/sec 1.230E+02
11 Final Specimen Length in 1.3677
12 Final Specimen Diameter in 0.0682
13 Final Cross Sectional Area in" 0.0037
14 Area Reduction % 70.23%
15 Final Engineering Strain (raw) % 69.71%
16 Final Engineering Strain (mod) 9c 62.58%
17 Final Engineering Strain (actual) 9c 62.06%
18 Strain Error 9c -0.18%
19 Yield Strength psi 123465.00
20 Ultim ate Strength psi 150795.00
21 Yield Strength/U ltim ate Strength 9c 81.88%
22 Strain at Ultimate Strength 9c 39.22%
23 Strain at Yield Strength 9c 0.41%
Alloy C22 
#11C
fi vU .-'
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Tensile Specimen #12C Alloy C22
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# Characteristic Units Value
I Specimen ID - 12C
2 Material - Alloy C22
3 Test M achine - Instron
4 Original Length in 1.15
5 Original Diam eter in 0.125
6 Original Cross Sectional Area in" 0.0123
7 Test Height in 4.449
8 Velocity o f  the Test in/sec 5.863E+01
9 Duration o f  the test sec 5.590E-03
10 Average Strain Rate 1/sec 1.233E+02
11 Final Specimen Length in 1.3678
12 Final Specimen Diameter in 0.0587
13 Final Cross Sectional Area m" 0.0027
14 Area Reduction % 77.95%
15 Final Engineering Strain (raw) % 69.00%
16 Final Engineering Strain (mod) % 62.41%
17 Final Engineering Strain (actual) % 62.23%
18 Strain Error % 0.37%
19 Yield Strength psi 124452.50
20 Ultimate Strength psi 151330.00
21 Yield Strength/Ultimate Strength % 82.24%
22 Strain at Ultimate Strength % 35.83%
23 Strain at Yield Strength % 0.41%
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Tensile Specimen #I3C Alloy C22
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# Characteristic Units Value
1 Specimen ID - 13C
2 Material - Alloy C22
3 Test Machine - Instron
4 Original Length in 1.1502
5 Original D iam eter in 0.1238
6 Original Cross Sectional Area in" 0 .0 1 2 0
7 Test Height in 6.950
8 Velocity o f  the Test in/sec 7.326E+01
9 Duration o f  the test sec 3.936E+00
10 Average Strain Rate 1/sec 1.781E+02
11 Final Specimen Length in 1.3692
12 Final Specimen Diam eter in 0.0654
13 Final Cross Sectional Area in" 0.0034
14 Area Reduction % 72.09%
15 Final Engineering Strain (raw) % 70.17%
16 Final Engineering Strain (mod) 9c 65.06%
17 Final Engineering Strain (actual) 9c 62.57%
18 Strain Error 9c -3.47%
19 Yield Strength psi 95405.75
20 Ultimate Strength psi 154265.00
21 Yield Strength/Ultim ate Strength 9c 61.85%
22 Strain at Ultimate Strength 9c 35.89%
23 Strain at Yield Strength 9c 0.32%
Alloy C22 
#13C
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Tensile Specimen #14C Alloy C22
234
# Characteristic Units Value
I Specimen ID - 14C
2 Material - Alloy C22
3 Test Machine - Instron
4 Original Length in 1.1468
5 Original Diam eter in 0.1248
6 Original Cross Sectional Area in ' 0 .0 1 2 2
7 Test Height in 6.965
8 Velocity o f  the Test in/sec 7.333E+01
9 Duration o f the test sec 3 .852E 03
10 Average Strain Rate 1/sec 1.768E+02
11 Final Specimen Length in 1.3687
12 Final Specimen D iam eter in 0.066
13 Final Cross Sectional Area in ' 0.0034
14 Area Reduction % 72.03%
15 Final Engineering Strain (raw) % 68.17%
16 Final Engineering Strain (mod) % 64.33%
17 Final Engineering Strain (actual) % 63.40%
18 Strain Error % -0.81%
19 Yield Strength psi 123984.00
20 Ultimate Strength psi 154735.00
21 Yield Strength/Ultim ate Strength % 80.13%
22 Strain at Ultimate Strength % 35.26%
23 Strain at Yield Strength % 0.41%
AUoy C22 
#14C
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Tensile Specimen #15C Alloy C22
# Characteristic Units Value
I Specimen ID - I5C
2 Material - A lloy C22
3 Test Machine - Instron
4 Original Length in 1.1503
5 Original Diameter in 0.125
6 Original Cross Sectional Area in ' 0.0123
7 Test Height in 6.921
8 Velocity o f  the Test in/sec 7.310E+01
9 Duration o f  the test sec 3.900E-03
10 Average Strain Rate 1/sec 1.759E+02
! I Final Specimen Length in 1.3695
12 Final Specimen Diam eter in 0.0687
13 Final Cross Sectional Area in ' 0.0037
14 Area Reduction % 69.79%
15 Final Engineering Strain (raw) % 68.69%
16 Final Engineering Strain (mod) % 64.47%
17 Final Engineering Strain (actual) % 62.63%
18 Strain Error % -2.24%
19 Yield Strength psi 131833.30
20 Ultimate Strength psi 153530.00
21 Yield Strength/Ultimate Strength % 85.87%
22 Strain at Ultimate Strength % 39.69%
23 Strain at Yield Strength % 0.44%
Alloy C22 
#15C
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Tensile Specimen #16C Alloy C22
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# Characteristic Units Value
1 Specimen ID - 16C
2 Material - Alloy C22
3 Test M achine - MTS
4 Original Length in 1.1498
5 Original Diameter in 0.1245
6 Original Cross Sectional Area in ' 0 .0 1 2 2
7 Test Height in -
8 Velocity o f  the Test in/sec 3.977E-0I
9 Duration o f the test sec 5.504E-01
10 Average Strain Rate 1/sec 1.136E+00
11 Final Specimen Length in 1.3638
12 Final Specimen Diameter in 0.0662
13 Final Cross Sectional Area in ' 0.0034
14 Area Reduction % 71.75%
15 R nal Engineering Strain (raw) % 62.55%
16 Final Engineering Strain (mod) % 59.46%
17 Final Engineering Strain (actual) % 61.14%
18 Strain Error % 3.71%
19 Yield Strength psi 97050.00
20 Ultimate Strength psi 137842.00
21 Yield Strength/LHtimate Strength % 70.41%
22 Strain at Ultimate Strength % 39.52%
23 Strain at Yield Strength % 0.59%
Alloy C2 
#16C
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Tensile Specimen #I7C Alloy C22
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# Characteristic Units Value
1 Specimen ID - 17C
2 Material - Allov C22
3 Test M achine - MTS
4 Original Length in 1.1518
5 Original Diam eter in 0.125
6 Original Cross Sectional Area in ' 0.0123
7 Test Height in -
8 Velocity o f  the Test in/sec 4.007E-01
9 Duration o f  the test sec 5.520E-01
10 Average Strain Rate 1/sec 1.145E+00
11 Final Specimen Length in 1.3717
12 Final Specimen Diam eter in 0.0663
13 Final Cross Sectional Area in ' 0.0035
14 Area Reduction % 71.84%
15 Final Engineering Strain (raw) % 63.19%
16 Final Engineering Strain (mod) % 59.12%
17 Final Engineering Strain (actual) 9c 62.83%
18 Strain Error 9c 6.85%
19 Yield Strength psi 97720.00
20 Ultimate Strength psi 140018.10
21 Yield Strength/Ultimate Strength 9c 69.79%
22 Strain at Ultimate Strength 9c 39.47%
23 Strain at Yield Strength 9c 0.59%
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
241
16 XtO*
Bigneenng Stress-Sirain Curve rt7 C
12 -
r -
S  6 -
01 0 2  03  04  05  OS 07
En^neenng Strain nn4ni
Enaineerina Siress-Strain Curve (M odified D ata# I7C )
16-xiO' Comcosile Engineanng Stress^Stnin Curve *17C
1 “
I "
- 4
2h
0 -
-2 “ 01 0.2 0.3 0 4
En^neenng Strain <in4ni
0.5 0.6 0 7
Com posite Engineering Stress-Strain Curve (R nal Data # I7C )
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Tensile Specimen #18C Alloy C22
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# Characteristic Units Value
1 Specimen ID - 18C
2 Material - Allov C22
3 Test M achine - MTS
4 Original Length in 1.1507
5 Original D iam eter in 0.1247
6 Original Cross Sectional Area in ' 0 .0 1 2 2
7 Test Height in -
8 Velocity o f  the Test in/sec 3.960E 01
9 Duration o f  the test sec 5.512E-01
10 Average Strain Rate 1/sec 1.134E+00
11 Final Specimen Length in 1.3657
12 Final Specimen Diam eter in 0.0650
13 Final Cross Sectional Area m" 0.0033
14 Area Reduction % 72.83%
15 Final Engineering Strain (raw) % 62.55%
16 Final Engineering Strain (mod) % 59.71%
17 Final Engineering Strain (actual) 9c 61.42%
18 Strain Error 9c 3.75%
19 Yield Strength psi 97840.00
20 Ultimate Strength psi 138684.40
21 Yield Strength/Ultimate Strength 9c 70.55%
22 Strain at Ultimate Strength 9c 38.39%
23 Strain at Yield Strength 9c 0.59%
Alloy C
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